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Abstract 
 
Dimethyl Ether (DME) is a new age fuel developed mainly from coal and natural gas to use 
in compression ignition (CI) engines relatively easily with minimum modifications. One of 
the advantages of DME combustion in CI engines is the low emission levels of NOx and 
particulate matter (PM) in comparison with diesel combustion. Therefore, utilization of 
DME as an alternative fuel in CI engines can potentially meet stricter emission regulations 
with less effort.  
 
The thesis starts with a review of the body of experimental and numerical research on NOx 
and PM emissions from DME combustion, with the objective being to identify the most 
promising methods for emission control in DME fuelled engines. With DME being already 
available in several countries the current research interest is to optimize the engine 
performance in a cost-effective way with least modifications to existing technologies while 
minimizing combustion emissions to meet even the strictest emission regulations.  
 
Gaseous emissions from DME combustion are a well-researched topic while PM 
emissions, especially UFPM were neglected so far. However, PM emissions will become a 
major concern under the future emission norms such as Euro VI. A major part of the 
introduction and literature review discusses some of the novel methods of emission control 
in CI engines, which are fuel injection strategies, exhaust gas recirculation, and 
combustion after-treatment.  
 
A major objective of the thesis was to design and build an engine testing facility capable of 
testing DME and other liquid fuels for combustion performance and emissions. An engine 
testing facility is thus designed and setup to meet the test requirements and a normal 
diesel engine system is modified to run on compressed DME fuel. A series of control 
systems, monitoring devices, analysers and engine management system were setup and 
programmed to set the test conditions and for measuring various parameters.  
 
Experiments were designed to investigate the influence of injection strategies and exhaust 
gas recirculation on performance and emissions. For injection strategies, both injection 
pressure and injection timing were varied for the engine to study its influence on NOx and 
PM emissions. As expected, injection strategies were found to have some effect on both 
gaseous and PM emissions. Advancing injection timing for DME showed increase in both 
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NOx emissions and PM emissions. For increase in injection pressure NOx emissions was 
found to have increased, but the PM emissions were decreased. For studying effect of 
EGR, the percentage of EGR was varied between 0% to 30% for various engine load 
conditions to study how emissions varies with EGR rate at various loads. This will help to 
determine optimal EGR rates to control emissions for different load conditions. With 
increase in EGR rate NOx emissions found to have decreased drastically for DME. PM 
emissions from DME was not affected due to change in EGR rate. Observations from DME 
combustion was compared against test results for ULSD and B20 blends of CSO (cotton 
seed oil), WCO (waste cooking oil) and BUT (butanol). 
 
DME due to its poor lubrication properties, need to use additives to control premature wear 
and tear of parts that get in contact with the fuel. Main parts that are susceptible to 
damage are the fuel pump and the injectors. Two different additives, A1 and A2, were 
tested with DME to study any effects it has on emissions. As suspected, both gaseous as 
well as PM emissions seem to be influenced by the type of additive used, which point 
towards need to identify additives that does not contribute towards emissions.  
 
In the last section of thesis conclusions are drawn towards the effectiveness of using 
injection strategies and EGR in controlling emissions. Proposals for future research to 
identify DME additives that does not contribute to emissions was made. This will require 
in-depth studies to understand chemistry of additives used and nature of their combustion 
need to be investigated. The thesis concludes by critically evaluating the most likely 
technologies that can help DME to meet future emission regulations and suggestions are 
made on future directions for DME research and development. 
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CHAPTER 1: Introduction 
 
1.1 Background and motivation 
 
Need for energy is ever increasing and the quest for diverse energy sources are growing 
at a tremendous rate. For the last few hundred years world primarily depended on non-
renewable energy sources like petroleum, coal, wood etc. as they were reasonably easy to 
obtain and process to generate power. The whole world was in a mad rush for a long time 
that it neglected the adverse effects of increased dependency on non-renewable energy 
sources affecting earth’s existence due to pollution and underestimated how quickly these 
fuel sources can deplete. Oil producing nations took advantage of the demand oil and they 
excavate oil at a tremendous rate that these nations made huge sums of money in a short 
time. However, these nations now anticipate a day when they will not be pumping oil out of 
their wells and hence countries like Dubai is  investing their wealth on a makeover to 
become a tourist attraction to keep their economy running.  
 
Over the past few decades demand for energy has outgrown the rate of oil excavation that 
accelerated search for alternate fuels. Search for alternate energy sources was begun 
almost the same time petroleum was discovered. Use of canola oil, soybean oil etc. was 
tried and tested for a very long time, but couldn’t win approval from governments as 
growing these plants for energy production was not humanitarian when millions of people 
are starving in this world. Other widely discussed alternate fuels including cotton seed oil 
(CSO), waste cooking oil (WCO), rape seed oil (RSO) [1] etc. are used in USA, Europe 
and middle east nations due to their availability.  Majority of studies on biofuels tend to 
show reduced gaseous emissions as compared to petroleum fuels owing to the oxygen 
rich nature of biofuels [2-5]. Depending on alternate fuels to some extend will help to ease 
the sole dependency on depleting petroleum fuels and can also help to develop economy 
of nations that grow these plants to produce fuels.   
 
Research on Dimethyl Ether (DME) as an alternative for diesel and LPG has caught 
attention sometime around 1999 [6]. While DME is primarily produced from coal via 
gasification process, it can also be produced from virtually any biomass and hence it is 
considered as a multi-source fuel. DME can be produced either directly from synthesis gas 
or by using the indirect method that involves passing through methanol production. Until 
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now DME has found applications as a propellant, refrigerant, LPG alternative or blend and 
also as diesel alternative.  
 
Research carried out towards employing DME as a diesel alternative returned several 
interesting results that caught the attention of alternate fuel technologists. These 
advantages included high cetane number of DME, less ignition delay, less emissions etc.   
Clean combustion property of DME enables it to burn with virtually nil particulate matter 
(PM) emissions and significantly less NOx emissions can be achieved due to the absence 
of notorious NOx-PM trade-off relationship owing to its chemical structure. Despite of all 
the advantages DME has compared to other alternate fuels, difficulties in handling and 
storing DME as a compressed liquid, compatibility issues of DME with most natural rubber 
seals etc. used to be a hindrance on its path to be accepted as a future fuel. Table 1-1 
below shows a comparison of DME properties against normal diesel. 
 
Table1-1:  
Properties of normal diesel and DME compared 
 
Property Diesel DME 
Cetane number 56 65~70 
Sulphur content (ppm wt) 16.3 ~1 
Lower heating value (MJ/kg) 42.5 28.6 
Liquid viscosity at 25oC (kg/ms) 2~3 0.12~0.25 
Density of liquid at 20 oC (kg/m3) 828 660 
Modulus of elasticity (MPa) 1.49 0.637 
Critical temperature (K) 708 400 
Critical pressure (MPa) 3 5.37 
Auto-ignition temperature (K) 523 508 
 
 
DME has already been tried and tested in diesel engine combustion by many research 
groups around the world [7]. All these works found that DME produces fewer emissions as 
compared to diesel combustion and produces less noise during combustion. Several 
studies have proposed using specially formulated seal materials to overcome compatibility 
issues when using DME [8]. To overcome the low heating value problem of DME as 
compared to diesel, fuel injection system was modified to double the amount of DME 
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injected to match the performance parameters to diesel combustion. Lower lubrication 
property of DME was proposed to be overcome either by use of suitable additives or by 
developing fuel systems that are more wear resistant. More details on the previous works 
on DME research was discussed by author in a peer reviewed paper [9], and is discussed 
in the Literature Review chapter in this thesis. Figure 1-1 shows the schematic of a typical 
DME system. 
 
 
 
Fig. 1.1: Schematic of a single cylinder DME engine system [9] 
 
Since DME can be produced from multiple sources, it has great potential to be used as an 
alternate fuel to replace petroleum fuels. Properties like low emission properties of DME, 
lack of C-C bond in its chemical structure, low noise combustion etc. are in favour of DME 
combustion as opposed to diesel. If the difficulties in using DME in normal engines are 
addressed effectively, this fuel has the potential to evolve as the primary choice in 
alternate fuels and this makes this thesis relevant.    
 
 
 
Chapter 1 
 
1-4 
 
1.2 Objectives of thesis 
 
The main objectives of this thesis are as mentioned below: 
 To determine the PM emissions from DME combustion, in particulate PM number 
emissions which data are not available in the literature. Pure DME combustion is 
expected to produce nil PM emissions due to the absence of direct C-C bonds in 
the structure of DME. Studies so far on DME could not detect any significant PM 
mass emissions due to the absence of C-C bond in its chemical structure [10-15]. 
However, this will need revision in the light of Euro VI emission norms as the new 
emission regulation puts strict control over ultra-fine particulate matter (UFPM) and 
PM number concentrations. In this study sophisticated PM emission measuring 
equipment was used to detect even minute PM and UFPM emissions from DME 
combustion with a focus on PM number emissions. 
 To determine the effectiveness of exhaust gas recirculation in NOx control and its 
effect on PM mass and number emissions from DME combustion. Exhaust gas 
recirculation (EGR) is an effective and widely used method for controlling NOx 
emissions [15]. It has also been reported that there is no trade-off relationship 
between NOx emission and PM mass emission for DME combustion. However no 
data on PM number emission have been reported and the effect of EGR on PM 
number emission is thus unclear. 
 To determine the effectiveness of fuel injection pressure and timing on the 
emissions from DME combustion. Fuel injection strategies can also be used as 
effective tool to control combustion and emissions. Several studies are been 
already reported about using injection strategies including injection pressure, 
injection timing, spray angle etc. in IC engines [16]. However no data are available 
in the literature for DME combustion in diesel engines. It is of particular interest to 
understand how the PM mass and number would be affected by injection pressure 
and timing as potential control strategies. 
 To clarify the role of fuel additives in PM emission in DME combustion. As DME is a 
clean combustion fuel with no possibility to generate PM emissions, any PM that we 
observe can be due to the fuel additives used to improve lubrication property of 
DME and also can be from the fuel pump lubrication oil. These when burned with 
DME can generate PM emissions. So far there is still no work on the role of fuel 
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additives. In this study two different DME additives were tested and results are 
compared to find if additives will influence emissions during DME combustion. 
 To compare the combustion performance and emission levels of DME against other 
alternate fuels. There are several new age biofuels catching attention of the world 
these days, which will also be in the race for considering as a future alternate fuel. 
A comparison of test results of these new age fuels with DME will be well worth as it 
will give an idea on how we can benefit from these fuels when applied in IC 
engines. As a part of this study, results from DME combustion are compared 
against new age biofuels like WCO, CSO and BUT.  
 
This thesis will examine in detail all the above mentioned objectives with an aim to confirm 
DME is truly worth of the future fuel title. All the test results from DME combustion will be 
compared with other potential biofuels to check how well DME performs in comparison to 
these fuels. Such a detailed study is critical for DME research as the area of alternate fuel 
research is developing fast and DME will be facing tough competition from other potential 
new age fuels in this run. 
 
1.3 Thesis outline 
 
This thesis consists of 7 chapters as discussed below.. 
 
Chapter 1 provides background information and the motivation of the thesis topic. It also 
describes the objectives of this work and gives an outline of the thesis. 
 
Chapter 2 is a review of the thesis topic in the form of a journal article that was published 
in Fuel Processing Technology. This chapter discusses works done on DME combustion 
and emissions so far with the objective of identifying potential techniques that can help 
DME meet future emission norms. 
 
Chapter 3 of the thesis discusses the extensive experimental setup built for the project. A 
critical part of this thesis was to design and setup the engine test facility. Significant 
amount of the candidature time was spent on this part as a laboratory had to be built and 
commissioned from scratch. This chapter will discuss the design phase of this lab and 
engineering challenges faced during design and setup of the lab. Installation and setup of 
engine, engine management system, combustion analyzers, exhaust gas sampling 
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system, EGR control, injection strategy controlling, driveline design, engine mount design, 
fuel system design and setup, dynamometer system setup and calibration etc. will be 
discussed in detail. Various steps involved in carrying out the experiments will be 
discussed later in this chapter. This includes blending of various fuels, DME fuel system 
management and handling etc.   
 
In Chapter 4, the effect of EGR in controlling NOx emissions and the well-known trade-off 
relationship between NOx and PM emissions will be discussed. DME experimental results 
will be compared against normal diesel and other biofuels including B20 blends of CSO 
and WCO. Particular stress will be given to PM and UFPM emissions when using EGR to 
control NOx. 
 
In Chapter 5, the effect of various injection strategies including injection pressure, and 
injection timing on combustion performance and emissions will be discussed. The results 
obtained for DME will be compared against normal diesel and other biofuels including B20 
blends of CSO and WCO. Particular stress will be given to NOx, PM and UFPM emissions 
while using injection strategies. 
 
The purpose of Chapter 6 is to study the influence of additives used in DME towards 
emissions. This is an area that was never explored before. This study compares DME 
combustion with two different additives, Lubrizol and HIRI, which are widely used in this 
area. Particular stress will be given to NOx, PM and UFPM emissions while using 
additives. 
 
In chapter 7, the conclusions of this thesis are drawn and the recommendations for future 
work are made. 
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CHAPTER 2: Literature Review 
 
This chapter discusses previous works done on DME research that are relevant to the thesis topic. 
The chapter is taken directly from the review journal article written by the author and published in 
Fuel Processing technology under the title “Emissions from DME combustion in diesel engines and 
their implications on meeting future emission norms: A review”.  
Emissions from DME combustion in diesel engines and their 
implications on meeting future emission norms: A review 
G. Thomas a, B. Feng a,*, A. Veeraragavan a, M.J. Cleary b, N. Drinnan c 
a School of Mechanical and Mining Engineering, University of Queensland, Brisbane 4067, Australia 
b School of Aerospace, Mechanical and Mechatronic Engineering, University of Sydney, Australia 
c Ambre Energy Limited, GPO Box 3288, Brisbane Queensland 4000, Australia  
* Corresponding authors. Bo Feng is to be contacted at Tel.:  
  E-mail address: b.feng@uq.edu.au 
Abstract 
Dimethyl Ether (DME) is an alternative liquid fuel developed mainly from coal and natural 
gas that can be used in compression ignition (CI) engines without major modifications to 
the diesel configuration. One of the advantages of DME combustion is the low emission 
levels of nitrous oxides (NOx) and particulate matter (PM) when compared to diesel 
combustion. Research so far were largely focused on tackling issues due to less viscosity 
and low heating capacity of DME as compared to diesel and in developing DME specific 
fuel system to overcome its incompatibility with rubber seals. In this paper, the body of 
experimental and numerical research on gaseous and PM emissions from DME 
combustion is reviewed, with the objective being to identify promising methods for 
emission control in DME engines. Gaseous emissions from DME combustion is a well-
researched topic, while PM emissions has not yet been explored in detail. PM emissions, 
especially ultra-fine particulate matter (UFPM), are expected to become a major concern 
with the implementation of future emission norms. This review paper critically evaluates 
some of the novel methods of emission control in CI engines to meet future emission 
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regulations using fuel injection strategies, combustion after-treatment and suggests future 
direction for DME research.  
 
Keywords: DME; combustion; emissions; PM; NOx; UFPM 
 
2.1 Introduction 
Increasing urbanisation and transport fuel usage in both developed and developing nations 
is placing significant pressure on urban air quality and consequently human health. 
Dimethyl ether (DME) is a promising diesel engine fuel alternative, with low particulate 
matter (PM) emissions. The diversity of carbon-based feedstock’s that DME can be 
prepared from means that this fuel can act as a bridge between current technologies and 
future technologies.  Existing oil resources are subject to pressure from global 
development in addition to pressure from increasing production costs associated with 
conventional and non-conventional petroleum resources [17]. This necessitates the 
identification of alternate options while keeping in mind the emission regulations these 
future fuels need to address [18]. In particular, the use of diesel engines has grown 
significantly in recent decades due to their higher thermal efficiency and hence lower fuel 
consumption as compared to petrol engines. With the increase in diesel fuel demand [19], 
the need for alternatives to petroleum-based diesel is growing. One potential solution is to 
produce alternative fuels from other natural resources such as natural gas, coal, or 
biomass. For example, in Australia it is estimated that the country will have oil resources 
lasting for about eight years at the current rate of extraction, while there are 100 more 
years of natural gas and 600 years of coal resources available for use. Utilizing rich 
domestic resources such as natural gas and coal for DME fuel production seems to be a 
logical option for Australia to reduce oil imports (around $7.5 billion every year) and 
maintain energy security for a stable and safe economic growth [20].  
A range of alternative fuels can be produced from coal, natural gas or biomass, and a new 
fuel called Dimethyl Ether (DME) has attracted great attention in recent years [21-24] 
because of some unique advantages of this fuel. DME is observed to have good thermal 
and chemical properties as a diesel replacement [25], and it can be manufactured from 
multiple sources such as coal, syngas, domestic bio-wastes, natural gas and any other 
hydrocarbon resource. DME has a higher cetane rating than diesel (55-60) and has good 
evaporation characteristics in the combustion chamber and therefore is a suitable fuel for 
diesel engines [21]. DME’s physical properties are similar to Liquefied Petroleum Gas 
Chapter 2 
 
2-3 
 
(LPG), and for this reason countries like China and Japan use DME as a blend with LPG 
(up to 30% DME by mass) for household cooking gas [26].  
DME has higher oxygen content than other fossil fuels (34.8%) and has no direct C-C 
bond [27-29] (Figure 2.1). Therefore, it produces considerably less pollutants like 
hydrocarbons (HC), smoke and particulate matter (PM) than conventional fuels [30, 31]. 
This property makes it very attractive as a clean fuel for transportation and domestic 
utilization. DME can also be used as a clean fuel for power production and the combustion 
of DME in gas turbines has been demonstrated successfully [33]. It has already been 
proven that DME combustion produces less NOx  than diesel and other petroleum fuels 
[26, 28, 29, 33-36], which means that the diesel engines burning DME can meet stricter 
emission standards than those burning conventional diesel fuels [6].  
The Euro 6 emission norms, which are to be implemented soon, require up to 80% 
reduction in NOx (0.4 g/kWh) and 66% reduction in PM (0.01 g/kWh) compared to Euro 5 
[37], which will force the CI engines burning conventional diesel fuels to install expensive 
particle filters and NOx reduction devices. The Euro 6 norms also put strict limits on the 
number of particles emitted into the atmosphere in addition to their mass and 
concentration. Due to the inherent properties of the fuel, DME engines can potentially 
meet future emission standards much easier than diesel engines. With the objectives of 
understanding the limitations of DME engines in meeting the future emission standards 
and to identify potential strategies and technologies that can help in this process, this 
paper is structured in the following format; (i) DME as a potential biofuel including 
combustion and emission characteristics, (ii) experimental investigations on gaseous and 
particulate emissions from DME combustion, (iii) numerical studies for predicting 
emissions from DME combustion, (iv) proposed ways to achieve future emission norms for 
DME combustion, and (v) a conclusion on the discussed topics. 
                                                            
 
  
 
Fig. 2.1:  Schematic of the DME molecular structure 
Parameter Value 
Chemical formula CH3–O–CH3 
Cetane number 55–66 
Low calorific number 27,600 kJ/kg 
Stoichiometric air–fuel ratio 8.9 
Viscosity 0.15cP 
Oxygen 34.8% (W) 
Density 660 kg/m3 
Auto-ignition temperature 235 °C 
Boiling point −25 °C 
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2.1.1 DME as a diesel alternative 
Studies on DME combustion and emissions were started in 1995 [38]. DME caught public 
attention as a clean fuel at around 1999 with the emergence of IDA (International DME 
Association) and the Japan DME Forum, which promoted it as a future fuel with great 
potential. DME can be manufactured either directly from synthesis gas or by the indirect 
method which passes through methanol production [6]. DME has been widely 
manufactured around the world since 1996, initially used as a spray-can propellant 
alternative for CFC (choloro-fluoro-carbon) [39]. Large scale DME production plants 
currently exist in Japan, China and Sweden, and countries like South Korea and India 
have recently begun to explore  the option of DME as a diesel alternative [40].  
The first ever pure DME operated engine was developed and tested by a joint venture of 
Svend-Erik Mikkelsen, an engineer at Haldor topsoe A/S and Professor Spencer Sorenson 
at the Technical University of Denmark. Japan’s Ministry of Land, Infrastructure and 
Transport later conducted a single cylinder engine test run on pure DME in 1997 and 
observed very similar outcomes [6]. Due to the exciting emission results observed during 
both these projects, several studies were later conducted around the world on DME 
combustion and emissions [21-23, 41, 42].     
One of the major advantages of DME is that it is a multi-source fuel which can be obtained 
through different processes from various feedstocks. DME is mainly produced by 
dehydration of methanol which has been prepared from synthesis gas (syngas). Syngas is 
a mixture of H2, CO and CO2 with some trace of methane (CH4) [43, 44]. The molar ratio of 
H2:CO typically used in this method is approximately 2:1. In another method known as the 
“direct conversion method”, or “single stage” method, syngas is converted directly to DME 
over a bi-functional catalyst. A considerably higher single-pass conversion efficiency can 
be achieved with this method due to favourable thermodynamic equilibria. Essentially, 
methanol is removed from the system by catalytic reaction to form DME, thus overcoming 
some of thermodynamic limitations associated with methanol formation. The molar ratio of 
H2:CO used for this method of DME preparation is approximately 1:1. Considering the cost 
of production and product-yield as factors, direct synthesis of DME from syngas may be 
the preferred route for large scale production [45, 46].     
In June 2012, the IARC (International Agency for Research on Cancer) listed diesel engine 
exhaust as carcinogenic to humans (Group 1) [47]. According to studies diesel engines 
produce a lot of ultrafine particles with particles diameter less than 100nm, and the particle 
Chapter 2 
 
2-5 
 
number concentration was in the range 107 to 109 particles/cm3 [48, 49]. These ultrafine 
particles are able to enter deep into the respiratory system of human beings and can result 
in serious health issues. Further studies showed that, the more fine the particle is the 
deeper it will penetrate into lungs, which will then result in serious respiratory inflammation 
and acute pulmonary toxicity [50, 51]. In diesel combustion it is observed that about 1%-
10% of the particle mass is in the nucleation mode with particle diameter less than 50nm 
whereas the remaining part of the particle mass will be in accumulation mode with particle 
diameter greater 50nm. The use of control technologies like diesel oxidation catalysts 
(DOCs) and diesel particulate filters (DPFs) to control diesel particulate emission were 
found to be successful in removing 85%-95% of particulate matter (PM), HC and CO [52]. 
However, these devices are found to be highly expensive and hard to maintain. 
DME combustion is observed to be clean over a range of operating conditions making it 
generally a cleaner alternative fuel. Due to the smokeless combustion feature of DME, 
higher exhaust gas recirculation (EGR) ratios can be used in IC engines during DME 
combustion. Up to 40% reduction in NOx is observed at higher EGR ratios without visible 
smoke and drop in heat efficiency of the engine [38]. With the addition of a simple EGR 
system and no other major engine modifications, several studies have shown that DME 
combustion can meet Euro emissions standards much easier than diesel [55]. Moreover, 
DME produces zero SOx emission in contrast to the often high SOx and other sulphur 
emissions from conventional diesel combustion. The expectation is that with a few 
modifications on the fuel delivery/injection system and by optimizing engine operation 
parameters, DME engines can meet future emission norms easily [36]. 
2.1.2 DME as a diesel substitute: Advantages and Disadvantages 
Due to its fuel characteristics, DME is particularly suitable to be used as a complete 
substitute for diesel in CI engines. It can also be used as a blend with diesel to overcome 
limitations of using pure DME, such as poor viscosity, low density and its after-effects [18, 
54-56]. DME-Diesel blends or a higher cylinder pressure can help to keep the fuel in liquid 
state in the fuel lines. This can help to achieve lower vapour pressure as otherwise vapour 
locking will occur in the fuel supply system [18]. DME fuel blends are not just limited to 
diesel, but can also be made with LPG, biodiesels, palm methyl ester oil, RME, etc. 
Studies have also been conducted with DME mixed with CO2,where the existence of CO2 
caused reduction of flame temperature and hence reduced NOx emission [57]. DME could 
also be used as an additive or as an ignition promoter in conventional diesel combustion 
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and for dual fuel operation [23]. A comparison of DME blended diesel and LPG engine 
performance in terms of pressure plotted against crank angle is shown in figure 2.2. The 
pressure characteristics of diesel engine was found to be unaffected (and even improved 
slightly) by the blending of diesel with DME, while the combustion properties are observed 
to be improved considerably with increased concentration of DME blended with LPG. 
DME’s high cetane number also makes it a good fuel for auto-ignition. Several studies so 
far have demonstrated the following properties of DME over diesel; (a) DME can achieve 
ultra-low emissions, (b) DME has better energy efficiency than conventional CI engine 
combustion, (c) DME has considerably lower exhaust gas reactivity, (d) noise of 
combustion from DME engine is similar to that from gasoline engines, and has higher 
vapour pressure than diesel, which enables faster evaporation [27], and (e) DME is a 
multi-source, multipurpose fuel [18]. Due to the presence of sulphur constituents and the 
cetane number properties of diesel, a trade-off exists in the case of NOx and PM reduction, 
which means that both cannot be reduced simultaneously. Hence, modifications to the 
engine and fuel delivery system are of limited scope in diesel engines. However, there is 
no such concern in the case of DME combustion as there is almost no PM emission. 
Therefore, combustion after-treatment or changes in the injection process can be 
implemented to reduce NOx production. For the same injection pressure and injector 
configuration, slower spray tip penetration and a wider spray angle is observed for DME 
compared to diesel, which will result in the better atomization and evaporation of DME. 
 
 
Fig. 2.2:  Effect of DME blend fuels on engine performance [6] 
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However, there are also some drawbacks in utilizing DME as a diesel substitute. A major 
downside compared to diesel is its low viscosity that will cause dysfunction of the 
conventional film bearing between the needle and sleeve of the injector, and this will cause 
leakage and wear and tear of parts. In addition, DME has a lower heating value (28.8 
kJ/kg) as compared to diesel (42.5 kJ/kg) and so requires almost double the amount of 
fuel injected per cycle to obtain similar engine power [23].  Its low boiling point property 
requires the use of a pressurised system to maintain the fuel in liquid state. This higher 
pressure on the back side of needle will decrease the injection rate and this will affect the 
engine performance. For the standard injection quantity DME produces less NOx as 
compared to diesel combustion, while for a comparable heating value, the NOx emission 
of DME is observed to be higher due to the presence of oxygen from increased amount of 
fuel supplied [21].  
Due to higher cetane number the ignition delay period will be short for DME with faster 
evaporation and combustion, which results in a drop in the maximum combustion 
pressure. At medium engine speeds the CO emission from a DME engine is less than that 
from diesel, while the situation reverses at higher speeds due to the secondary injection 
from the higher residual pressure and oscillations in the fuel system [34]. Depending on 
the source of fuel, the well-to-wheel CO2 emission of DME fuel is observed  to be 
comparable to that of diesel fuel [33]. The key to promoting DME as a diesel substitute 
instead of other alternative fuels is to overcome these drawbacks without compromising 
engine performance or emissions. 
2.1.3 Fundamentals of DME combustion and emissions in diesel engines 
This section discusses some of the important characteristics of DME combustion and 
emissions in a compression ignition engine based on experimental work and numerical 
modelling. These experimental and numerical works confirm the theoretical properties of 
DME discussed in the previous sections. 
Due to the rapid evaporation property and threat of vaporization inside the fuel supply line 
of a DME system, the fuel is usually supplied under pressure (<1MPa) from fuel tank to the 
high pressure fuel pump. Often lubricants in the range of 200-300 ppm will be added to 
overcome the lubrication problem of DME due to its poor density and viscosity [21]. DME 
will vaporize as soon as it is injected into the cylinder due to its low boiling (-25 oC) point 
property. The maximum combustion pressure for DME is lower by about 17.2% compared 
to diesel, which is due to the shorter ignition delay period for DME during which less 
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combustible mixture is formed owing to the high cetane number [34]. Huang et al. [58] 
conducted DME-Air premixed combustion in a constant volume chamber, and they 
observed that for a specified initial pressure, the mixtures around the stoichiometric 
equivalence ratio will give the maximum rate of pressure rise and the maximum value of 
combustion pressure. As the mixture become rich or lean, the rate of pressure rise 
decreases and the period from the ignition start to the maximum pressure arriving 
increases.  
Combustion properties of DME are quite comparable to diesel and other bio-fuels. Youn et 
al. [21] compared the combustion characteristics of DME and ultra-low sulphur diesel 
(ULSD) and found that the maximum combustion pressure and rate of heat release of 
DME is higher than that of ULSD [9]. They observed that the peak combustion pressure 
can be gradually increased by advancing injection timing. The ignition delay of DME was 
observed to be shorter than diesel because of the difference in cetane number, better 
evaporation characteristics, and due to the oxygenated chemical structure. The peak 
pressure drops with increase in engine speed due to extended ignition delay for DME 
combustion and this in turn decreases the premixed combustion duration.     
Numerical modelling of combustion and emission processes in an internal combustion 
engine is a challenging job and none of the existing models are accurate in predicting 
performance or emission parameters in a low-temperature auto-ignition combustion 
process. The main reasons for this include; complex chemistry models associated with 
combustion and emissions, inability to accurately predict flow conditions inside combustion 
chambers, assumptions used in the model, computation limits including codes used, etc. 
Several attempts were made to model DME combustion and emissions, though none of 
the models so far were able to predict particulate emission. DME combustion consists of 
pyrolysis and oxidation [59-64]. Auto-ignition in DME is obtained by decomposition of 
methoxymethyl ( 23OCHCH ) at high temperature. For modelling of high temperature DME 
combustion, Dagaut et al. [65] developed a kinetics model, followed by another chemical 
reaction mechanism containing 78 species developed by Curran et al. [66]. The low 
temperature pathways of DME chemical kinetics was later added onto this reaction with 55 
species mechanism by Dagaut et al. [67]. A detailed but compact reaction mechanism was 
developed later by Zhao et al. [68] with the addition of an updated high-temperature model 
coupled to the low-temperature model by Fischer et al.[69]. In order to develop a simple 
and compact model for achieving reduced computation time, further attempts were carried 
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out by Yamada et al. [70], Yao et al. [71, 72], Liang et al. [73], Huang et al. [74] and 
recently by Chin et al. [75]. A comparison of the above works does not show much 
difference in prediction of combustion parameters like pressure, heat release rate etc. 
although they helped to significantly reduce computation time by avoiding insignificant 
species and reactions. However, none of the models could predict the start of combustion 
(SOC) with great accuracy when compared to experimental results, which necessitates the 
need for further research in this area.        
Engine operating conditions can also influence emissions from an IC engine. A higher in-
cylinder temperature, oxygen content, and residence time for the reaction can contribute to 
NOx in CI engine [62]. It was found that the NOx emission from DME combustion was high 
compared to diesel for the same engine load and speed conditions. This is due to the 
quicker ignition of DME mixture that leads to an increased in-cylinder temperature [21]. At 
higher engine speeds; the lack of sufficient mixing time and hence incomplete combustion 
leads to higher HC and CO emission. Formaldehyde is a principal pollutant in DME 
combustion, but it decreases with an increase in injection pressure or advanced injection 
timing [63]. Accelerating the mixing process of DME with air will help to reduce NOx 
production as the natural mixing rate is slower than diesel with air [76]. NOx reduction with 
increased EGR ratios is achieved mainly through the increase in concentration of three-
atom molecule inert gases like CO2, H2O etc. in the intake charge that results in increased 
inert mass and due to the high specific heat of these gases, which can help to reduce the 
peak combustion temperature [77]. Moreover, increased EGR ratios will reduce the 
amount of O2 in the fresh charge supply, which will also help control the emissions.  
However, a negative side effect of the increased EGR ratio is the higher CO emission of 
up to 70% for a 30% EGR ratio [78].   
2.1.4 Objectives of this review 
DME combustion and emissions is a fast growing research area at the moment. Vast 
amount of research activities are going on to optimize DME’s use in CI engines and to 
mass produce DME in a cheaper and faster way than the existing methods [79]. DME, 
being a relatively new fuel to enter the market, has to meet all the future emission 
regulations to be accepted as a future fuel. Also important is its compatibility with the 
existing CI engines through relatively inexpensive modifications. The focus of this paper is 
to review every potential method and technologies that can possibly help to achieve future 
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emission norms in pure DME combustion engines. Therefore, this study will help to 
understand how far DME engines realistically are from achieving Euro 6 emission norms.  
Developing new combustion techniques to improve performance and reduce emissions is 
a difficult and expensive option. Some notable works on homogeneous charge 
compression ignition (HCCI) as a potential combustion technology for DME combustion 
have shown promising results with simultaneous reduction of NOx and PM emissions [33, 
36]. Other possible methods to achieve complete combustion and less emissions are; 
controlled fuel injection strategy [21, 24, 36, 41, 42, 78, 80, 81], fuel injector configuration, 
injection pressures, and to employ combustion after treatment processes like EGR, 
oxidation catalysts and particle filters etc. [22, 38]. In this review paper the effect of 
injection strategies, fuel additives, and exhaust gas after treatment techniques on 
emissions are thoroughly examined in order to suggest the optimum methods to reduce 
emissions. In the end, a summary is drawn to show the direction in which research on 
DME as an alternative fuel should be focussed to achieve the goals of reduced emission 
and better combustion.  
2.2 Experimental investigations on gaseous (NOx, HC & CO) and PM/UFPM 
emissions  
Emissions from an engine are primarily of two forms, gaseous (NOx, CO, HC) and 
particulates (UFPM, soot, etc.). Based on the nature of controlling them, DME emissions 
can be categorized as either regulated emissions (NOx, smoke, CO, etc.), or non-
regulated emissions (CH2O, DME, THC, etc.).  
There are a number of experimental investigations conducted on DME combustion in the 
following topic areas; (a) potential of using DME as a diesel alternative, (b) DME blend 
fuels in CI engines, and (c) emissions from DME combustion. DME as a diesel replacer 
fuel has been widely discussed and verified by numerous studies over the last several 
years and so the current interest is to control emissions from DME combustion based on 
the pathways of their generation and also to ensure complete combustion without 
compromising performance. This section of the paper discusses some studies that have 
covered gaseous and PM from DME combustion with the objective of meeting future 
emission norms. Also discussed are the existing methods used to achieve minimal 
emissions and a review on how effective they are. The major performance parameters 
considered for discussion includes power output, torque, thermal efficiency, heat release 
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rate, indicated specific fuel consumption (ISFC) and indicated mean effective pressure 
(IMEP). 
Fuel injection and spray strategies have significant impact on the engine performance and 
emissions from a DME engine [24, 41]. DME combustion can meet US 2007 emission 
norms with the use of a higher EGR ratio [1, 82]. Compared to diesel engines, DME 
engine produce 50% less NOx when engine is operated at the same fuel injection timing 
due to high cetane number and high latent heat property of DME [84]. A main factor that 
will influence NOx emission in any combustion engine are the engine operating conditions 
[84]. A lean mixture, and setting the injection timing to maximize engine torque, will 
increase the NOx emissions. This is because the equivalence ratio of DME is less than 
60% that of diesel. Other factors that have an effect on emission are the fuel injection 
parameters like, high injection pressure, injection angle, spray angle, injection strategies, 
etc. and combustion chamber conditions like pressure and temperature. A higher DME 
injection pressure will produce very small DME droplets, which will help to vaporize rapidly. 
Therefore, this will cause lower ignition delay than diesel and result in higher NOx 
emissions if injection parameters are not properly controlled.  
Sato et al. [85] observed that the engine output will be higher for DME than with diesel if 
supercharged with intercooler and EGR. HCCI combustion of DME was studied by several 
researchers  like Ogawa et al. [86], Sato et al. [87], Kim et al. [88], Yamada et al. [89], Kim 
et al. [81], and Ying et al. [34] to analyse the performance of DME combustion. They found 
significant drop in emissions compared to other combustion methods for DME. The 
combined use of catalysts and EGR can help to reduce NOx emissions and DME 
combustion supports use of higher EGR ratios without compromising CO emissions [38]. 
Other innovative exhaust after-treatment techniques that are developed to tackle 
emissions to achieve future emission norms include, Lean NOx Trap (LNT) [23, 91], Urea-
Selective Catalytic Reduction (SCR) [91], HC-SCR [92], Combined Steam Reforming (SC) 
etc. 
Normal PM and UFPM accounts for both the regulated and non-regulated categories of 
particulate emissions from an engine. Several studies were conducted on UFPM from 
diesel [93-99] and the recently developed interest is on the UFPM from combustion of 
alternative fuels [100, 101]. The Euro VI emission norms impose strict limitation on PM 
emissions which requires PM to be kept below 0.1 g/kWh [37]. The majority of research 
conducted on DME combustion so far has neglected PM emissions because of low particle 
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emissions from DME as the fuel is sulphur free and does not contain C-C bonds [34, 83, 
102, 103]. Toxicological studies shows that the toxicity of UFPM are higher than that of 
coarser particles in unit mass [104-106] because the UFPM and nano-particles contains 
more organic carbon than coarse particles in unit mass [107-109].   
Since pure DME combustion is a clean combustion process, majority of the PM formed 
would be from foreign elements that burns with the fuel and these include; (i) fuel additives 
added to DME for improved lubrication, (ii) impurities in the fuel, and (iii) lubrication oil 
getting into the combustion chamber from the fuel pump and oil sump [110]. Therefore, a 
promising way to avoid PM generation would be to choose additives and lubricants that 
have chemical properties similar to DME or find an effective and economic way to treat the 
exhaust gas to remove the particles. After a detailed review of the studies so far it was 
observed that they all used existing exhaust gas after treatment techniques (or not used 
any), common fuel additives and normal synthetic oil for lubrication and cooling. A 
thoughtfully implemented combination of these methods to avoid toxic emission generation 
and exhaust gas after treatment is vital to achieve emission targets.  
2.2.1 Effect of Injection strategies  
As fuel injection strategies are considered to be the big player in achieving emission goals, 
the main fuel injection strategies that can be employed in a CI engine includes: fuel 
injection timing, multiple fuel injections, increased/decreased fuel injection pressures, 
modified injector configurations, spray angles etc. For DME injection, one needs to 
consider the lower density of DME, low viscosity, high compressibility and vapour 
pressure. The higher compressibility of DME is due to the lower bulk modulus (1/3rd) of 
that of normal diesel. The energy of compression of DME will increase with temperature 
rise, which in turn is due to drop in bulk modulus [9]. Figure 2.3, shows the relationship of 
compressibility of DME with change in temperature and pressure and the reason for 
reduced compression pressure for DME high pressure pump compared to the diesel high 
pressure pump.  
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Fig. 2.3:  Relationship of compressibility of DME with change in temperature and final pressure 
compared to diesel [111] 
The relationship between vapour pressure and temperature for DME is an important factor 
to be considered during fuel system design. In normal atmospheric conditions of 100kPa 
and 298K DME exists as a colourless gas, while as DME is compressed above 500kPa at 
298K will result in a phase change to liquid form. The critical temperature, pressure and 
density parameters as determined by Wu et al. [112] and Yasumoto et al. [113] are given 
below; 
Table 2.1:   
DME critical parameters [9] 
Model Critical temp. (K) Critical press. 
(kPa) 
Critical density 
Wu et al.[113] 400.378 5336.845 5.94 mol/dm3 
Yasumoto et 
al.[114]  
399.63 5268 271 kg/m3 
 
The fuel injected into the combustion chamber will be in superheated vapour phase as the 
in-cylinder air temperature after the compression stroke is higher than the critical 
temperature of DME. The relationship between vapour pressure and temperature for DME 
calculated from the equations suggested by Teng et al. [114-116] and Wu et al. [112] 
based on the Antoine type and Wagner type vapour pressure equations are given in figure 
2.4.  
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Fig. 2.4:  Relationship between vapor pressures and temperature compared for Wagner and 
Antoine expressions [10] 
The higher vapour pressure and lower viscosity of DME can lead to cavitation at the 
injectors of DME fuel systems [117]. Frequent cavitation and state change of DME injected 
will lead to poor spray penetration especially at high speeds and loads, which can lead to 
increased amount of HC and CO emissions. The rapid injection characteristic of DME can 
cause NOx generation if it is not properly controlled [21, 34].  The ideal solution to avoid 
this is to delay the fuel injection. A narrow injection angle together with an advanced SOI 
(start of injection) can produce higher combustion pressure and temperature for DME 
combustion. Kim et al. [24] in a study observed that the NOx emissions at 20o BTDC and 
TDC showing higher values when compared to those of other injection times. The reason 
for this is the premixed and diffusive combustion occurring simultaneously. Another reason 
is due to the shorter mixing time and resulting partial combustion with very high 
temperature occurring in the cylinder [21, 118].  
HC and CO emissions will increase with advancing injection timing and wide injection 
angles. The injection angle has no significant effect on the engine combustion 
performance if the SOI is below 40o. With the drop in fuel advance angle the fuel injection 
timing will get close to TDC. This will increase the initial temperature and pressure of in-
cylinder gas, which will shorten the ignition delay [83]. For a too delayed SOI there is an 
increased chance of producing high in-cylinder temperature, which can lead to increase in 
NO and NOx emissions during combustion (figure 2.5). A similar trend of NOx emission 
and its relationship with varying EGR ratio was obtained by Part et al. [119]. With a proper 
SOI the DME spray will get ample time to mix well to produce a homogeneous mixture 
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inside the cylinder. This means that there needs to be a perfect harmony between the 
injection timing, injection angle and crank speed as otherwise it can result in higher HC 
emissions (figure 2.6). With a narrow injection angle and advanced injection timing there is 
a chance that the fuel will reach crevice regions in the piston, hit bottom walls and result in 
high temperature region. This will cause localized combustion near the piston crevice 
region, causing unburned HC emissions. With advanced injection timing the fuel entering 
squish and crevice regions may get trapped in there, resulting in incomplete combustion 
producing higher CO emissions.  
                
Fig. 2.5:  Effect of injection angle on NOx and soot emissions according to the injection timing [24] 
 
                                          
Fig. 2.6:  Effect of Injection angle on HC and CO emissions according to the injection timing [24]   
 
Retarding fuel injection timing can reduce NOx emission significantly. When injection 
timing is set close to TDC, the initial temperature and pressure inside the cylinder will be 
increased. This will result in a shorter ignition delay as less fuel will burn, thus limiting the 
peak in-cylinder temperature [83]. Figure 2.7, shows the comparison of NOx emission from 
DME and Diesel for various fuel injection angles.  
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Fig. 2.7:  Comparison of NOx emission with fuel injection angle [83] 
A comparison of combustion properties of several fuels by Xinling et al. [34] found that 
DME, when compared to diesel and gas to liquids (GTL), gives a retarded peak heat 
release and peak pressure. This is due to the longer pressure wave propagation of DME 
resulting in longer fuel injection delay. Injection strategies like injection angle and single or 
multiple injections can potentially to reduce the emissions significantly without much 
modification on the engine itself [41]. Studies so far in this direction have provided effective 
solutions, albeit slightly complicated ways to approach emission regulation in an engine. 
The influence of multiple or split injection on emissions has been studied by many groups 
and a strong influence in reducing NOx emissions has been observed [120].  A 
comparison on gaseous emissions from the engine with different spray angles [24] and 
injection timings showed that the ROHR (rate of heat release), emissions, etc. can be 
effectively controlled by this method and so this area of research is actively updated. It 
was observed that a combination of advanced injection timing and multiple injections with 
narrow-angle injectors can effectively reduce NOx emissions, while retarded first injection 
timing will reduce the HC and CO emissions effectively.  
Sootless combustion is a product of high oxygen content in the mixture, absence of soot 
precursors (sulphur and aromatic), and the short diffusion combustion process. Yoon et al. 
[41] performed studies on emission performance under different injection strategies and 
injector configurations and observed that the smoke number of narrow injectors is 
considerably lower than that in wide angle injectors. Figure 2.8, shows the effect of spray 
angles and injection strategies on particle volume and number, where. In the figure Case1, 
Case2 and Case3 correspond to spray angles of 156o, 70o and 60o respectively and for 
multiple injections the first injection is at 35o BTDC and second injection is at 5o BTDC. As 
shown, the particulate formation increases with multiple injections as the fuel injected 
earlier forms diluted charge regions in the combustion chamber resulting in lower 
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combustion performance.  Inefficient combustion can influence the volume and weight of 
smoke emissions from DME combustion.  
 
Fig. 2.8:  Effect of spray angles on total particle volume and number in multiple injection [41] 
2.2.2 Effect of advanced combustion methods 
 
The introduction of novel engine designs to improve and control combustion is the 
toughest of the methods to achieve future emission norms, but is still considered as an 
active research area to improve combustion efficiency and control emissions. The most 
prominent among these are the HCCI and low temperature combustion (LTC) methods. 
Both the above methods have considerable advantage over normal modes of combustion, 
while the HCCI combustion is yet not fully developed and so unable to be controlled 
properly.  
DME combustion in HCCI engines has shown significantly reduced NOx emissions 
because of the higher equivalence ratio and the resulting lower overall and local 
temperature. Studies were done on using a combination of DI-HCCI combustion 
techniques to overcome the limitations of DI and HCCI methods when they are used alone 
[33]. A comparison of DME and ULSD combustion in HCCI engine showed  that the NOx 
emissions from DME combustion are higher than that of ULSD [21]. The most likely reason 
for this is due to the rapid ignition characteristic of DME mixture, which leads to an 
increased combustion temperature.  
Junjun et al. [35] studied the LTC method to investigate the effect on NOx emission 
reduction. LTC combustion is comprised of HCCI combustion and diffusion combustion. 
This method was found to be very effective at suppressing NOx formation together with 
considerably low HC and CO emissions. The LTC cycle differs from the ideal diesel cycle 
in the fact that the isobaric combustion process is replaced with an isothermal combustion 
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process during the expansion stroke.  This way, the peak cylinder temperature is reduced 
significantly, which in turn reduces NOx formation. To ensure that the actual engine cycle 
is close to the theoretical LTC, a part of the DME fuel is aspirated into combustion 
chamber via air intake port. This will cause HCCI combustion during the compression 
stroke and the remaining fuel will be drawn in through the conventional in-line pump. The 
reasons for suppression of NOx in LTC combustion are; (i) shorter ignition delay of 
injected DME because of the increase in charge temperature due to HCCI combustion of 
DME/air mixture via air intake port, and (ii) dilution of oxygen concentration in charge by 
HCCI combustion products. The control of NOx using LTC is quite promising and 
advantageous. However, the works so far on LTC does not cover particulate emissions in 
details neglecting their presence in DME combustion.  
One of the best techniques to reduce gaseous emissions without going to sophisticated 
combustion methods is by employing premixed combustion in combination with the main 
combustion (figure 2.9). This has proved to be very effective in emission reduction and or 
improving combustion performance [122]. NOx emission can be reduced with the 
retardation of the control valve opening, while the CO and HC emission will decrease with 
increase in control valve opening and the resulting increase in combustion temperature. 
The increase in THC and CO can be controlled using oxidation catalysts. A similar 
technique is used by Scania for their trucks fleet and they also used multi-stage cooled 
EGR system. The system proved to be quite effective and achieved Euro VI norms on 
diesel combustion. A schematic of the SCANIA system is shown in figure 2.10. The 
common rail diesel engine system used a combination of the following features; a pilot 
ignition - main ignition - post ignition, catalytic converters (SCR), EGR, improved cooling 
system for engine and EGR, and particulates filter [122]. While this design was for a diesel 
engine it shows that a combination of fuel injection strategy and after-treatment can 
certainly help DME achieve Euro 6 norms much easier than for diesel.  
 
Fig. 2.9:  DME CPC system [1] 
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Fig. 2.10:  Scania Euro 6 system [122] 
2.2.3 Effect of exhaust gas after treatment methods 
 
Using higher rates of EGR is one of the usual methods to reduce NOx generation in diesel 
engines. Some studies had achieved about 40% drop in NOx with 30% EGR [38].   Based 
on tests conducted under the European Steady State Test Cycle, optimized EGR ratios 
can alone make DME engine meet Euro IV emission norms [15]. However, it has negative 
side effects like increased HC and CO emission with increase in EGR ratio, increased soot 
emissions, and decreased thermal efficiency. Another NOx reduction technique proposed 
by Park et al. [22] uses a combined system of DME steam reforming and lean NOx trap 
(LNT) to improve the performance of the de-NOx catalyst in DME engine. Fang’s [123] 
study on a heavy-duty engine to observe the NOx emission at various ratios of EGR at 
different load conditions confirmed similar results to Park et al.. The reduction in NOx is 
attributed to dilution, thermal and chemical effects of EGR, reduced amount of oxygen in 
combustion chamber etc., as evident from figure 2.11. 
                
Fig. 2.11:  Effect of increasing the EGR on NOx emission and oxygen at different loads [123] 
Emissions are highly related to the engine load and speed conditions. Figure 2.12, shows 
a surface plot of NOx emission against speed and engine torque for DME combustion at 
various load conditions. When compared with diesel combustion (figure 2.13), it shows 
that the NOx concentrations with DME fuelling are comparable to that of diesel even 
Chapter 2 
 
2-20 
 
without any modifications to the combustion or fuelling systems. Therefore, for DME and 
diesel combustion, the highest possible NOx emissions are at lowest speed-load part of 
engine operation. This trend decrease significantly as speed-torque relation increases for 
DME combustion. However, NOx remains almost steady in the case of diesel combustion 
throughout the entire operating range of the engine. 
 
Fig. 2.12:  Surface plot for specific NOx emission, speed, and torque for DME combustion[84] 
 
 
Fig. 2.13:  Surface plot for specific NOx emission, speed, and torque for diesel combustion [84] 
 
HC emissions will decrease with increase in temperature and so the main reason for HC 
emission from a cylinder is due to the low-temperature regions like the cylinder wall and 
crevice layer in the cylinder. Figure 2.14, shows the increase in HC and CO emission with 
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increase in EGR above 30%, which is due to the decrease in mean gas temperature in the 
cylinder.  The increase in CO is mainly attributed to the decrease in temperature and 
oxygen in the charge. An optimal EGR ratio that can cater to overall emission reduction is 
essential. Otherwise, the use of catalytic convertors is inevitable for simultaneous 
reduction of NOx, HC, and CO emissions.  
                  
Fig. 2.14:  Effect of increasing the EGR on HC and CO emissions [123] 
Oxidation catalysts are used to reduce CO emissions and are widely employed these 
days. Use of catalytic converters will be a necessary measure to achieve future emission 
norms with any fuels. A combination of EGR and catalytic converter is commonly found in 
many new CI engines. Test results show that DME engines can meet Euro 3 norms just by 
the use of an oxidation catalytic converter [53]. Studies observed up to 80% drop in CO 
with the use of oxidation catalytic converters [38]. Co-alumina and Sn-alumina when used 
as catalysts showed that the reduction rate is highly dependent on reaction temperature 
and DME content in the exhaust [124]. On the flip side, use of oxidation catalysts would 
increase the fuel consumption, back pressure, and engine operating cost. A comparison of 
CO emission with and without oxidation catalysts is shown in figure 2.15.  
 
 
Fig. 2.15:  A comparison of CO emission with and without oxidation catalytic converter [38] 
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A comparison of HC and CO emissions from DME and ULSD combustion and the 
influence of engine speed on combustion is showed in figure 2.16. The increase in speed 
and non-optimized fuel injection timing will influence combustion duration and oxidation 
timing and eventually cause emissions [21]. 
                            
Fig. 2.16:  HC and CO emission characteristics of ULSD and DME compared [21] 
 
While EGR is effective for reducing NOx emissions, it can cause sooting and increased 
smoke emissions. Fang et al. [123] conducted studies on a heavy-duty engine and 
observed that increase in EGR beyond a certain limit will increase PM emissions with 
increase in load, figure 2.17.  
 
Fig. 2.17:  Effect of increasing the EGR on soot emission at different loads [123] 
 
Myung et al. [125] using a full flow constant volume sampler (CVS) exhaust dilution tunnel 
system for measuring the particle emission characteristics, measured PM using a system 
comprising of a particulate mass sampling and filter holder assembly. PM emissions were 
observed to have close relationship with vehicle driving conditions like engine speed and 
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load, engine coolant and catalyst temperatures etc. Figure 2.18, shows the influence of 
load and speed on particle size distribution in DME engines. The size distribution for the 
engine showed bimodal structure with nucleation mode (peak at 10 - 20 nm) and 
accumulation mode (peak at 50 – 80 nm).  
 
  Fig. 2.18:  Influence of engine load and speed on exhaust particle size distribution of DME engine 
[126] 
Figure 2.19, shows a comparison of the influence of load and speed on the total exhaust 
particle number and mass concentration of DME and diesel engines. Total PM number 
concentration increases at middle and high speeds with increase in load for DME engine. 
Total PM mass concentrations of the DME engine significantly drops compared to that of 
diesel engine. The nucleation mode is comprised of particles with diameters ranging from 
5 to 50 nm. For DME engines the total exhaust particle number concentrations in 
accumulation mode increase with load at higher speeds. Accumulation mode emission 
from DME engine is from incomplete combustion of lubricating oil and anti-abrasion 
addition agent.  
 
Fig. 2.19:  Influence of engine load and speed on exhaust particle number and mass concentration 
of DME and diesel engines compared; (a) 1400 rpm, (b) 2200 rpm [126] 
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Nucleation mode particles are closely related to the presence of sulphur components in 
the fuel. Therefore, nucleation mode particles from DME combustion are due to the ability 
of accumulation mode particles to adsorb the volatile and semi-volatile components in 
exhaust gas. The weakening of accumulation mode particles will cause strengthening of 
nucleation and results in nucleation mode particles [127, 128]. Increased nucleation mode 
particle emissions from a DME engine can be attributed to the process of nucleation and 
condensation of volatile and semi-volatile compounds in the exhaust gas.  
Significance of the above finding is that even though DME fuel is absent of sulphur and C-
C bonds, introducing fuel additives to improve the fuel properties to meet engine operating 
standard adversely affect the engine performance and emissions. Therefore, it is important 
that research is undertaken towards identifying ideal candidates for replacing the 
conventionally used DME additives to retain the advantages of DME combustion. Methods 
to overcome the lower viscosity and density disadvantages of DME without using additives 
can also be a possible solution to control particle emission. 
Use of CRDPF (continuously regenerating diesel particulate filter) on diesel PM emissions 
are well known. Apart from trapping PM, CRDPF can change the distribution of shapes 
and peak diameters of particles emitted. With an increase in the engine speed, nucleation 
mode particles will decrease in number. In a study conducted by Wang et al. [129] the 
DPF filtration efficiency was found to be extremely low for accumulative mode particles 
because large particles gets emitted downstream of the DPF, although at low 
concentrations.  The reasons for this behaviour is attributed to factors like; difference in 
particle size before DPF for different fuels, contribution of different filtration mechanisms to 
overall filter efficiency, particle growth and formation downstream of DPF, release of 
accumulated particles at the downstream from filter etc. This area is not thoroughly studied 
yet, but will need to be considered for better control over PM emission. 
2.3 Numerical modelling and analysis of gaseous and soot emissions 
Numerical modelling of problems is an essential method of non-destructive testing and 
often provides a cheaper and faster method to predict real world conditions to a great level 
of accuracy. Majority of DME combustion modelling used KIVA as the tool for combustion 
simulation and CHEMKIN for chemistry modelling. The advantage of KIVA over other 
commercial tools like Fluent, AVL Fire, STAR-CD etc. is that the code can be modified 
extensively by the user. In case of DME combustion modelling, majority of the works so far 
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were to predict the performance characteristics of the DME combustion engines and no 
significant studies have been conducted yet on emissions.  
Boundary conditions need to be well defined for accurate numerical modeling. To a certain 
extent, the proper choice of boundary conditions and mesh can be done through 
theoretical knowledge, while experience in numerical modeling methods are a key to 
develop mesh-independent accurate CFD models that can replicate real-world 
experiments. It is important to use a proper wall heat transfer model, turbulence model, 
combustion model and chemistry of reactions as these all influence the in-cylinder mixture 
temperature and ignition timing [130]. Other significant factors to be considered include 
accurate replication of geometry features and engine operation parameters like piston 
geometry, piston motion, valve timing and position and fuel injection parameters. A few 
selected numerical studies conducted on DME combustion emissions by Park et al.[43], 
Kim et al. [25, 82], Kong [131], Golovitchev et al. [132, 133], Zhao et al. [134] etc. are 
discussed below.  
2.3.1 Studies conducted on gaseous and soot emissions 
Park et al. [43] conducted  DME combustion modelling using KIVA-3V to predict the effect 
of DME spray behaviour in the cylinder on exhaust emissions. They incorporated a fuel 
library for liquefied DME [115, 135, 136] to the default DME chemistry in KIVA to analyse 
DME spray at high pressures. In-cylinder turbulent flow  and atomization of DME spray are 
calculated using Renormalization Group (RNG) k-ε model [137] and Kelvin-Helmholtz and 
Rayleigh-Taylor hybrid break-up models [138]. For predicting NOx emissions they used a 
GRI (Gas Research Institute) NO mechanism [139], which contains four species (N, NO, 
N2O, NO2) and nine reactions. Figure 2.20, shows the in-cylinder NOx distribution for DME 
combustion, which shows a wide distribution of NOx at injection at 10o and 20o, while there 
was little or low NOx formation for injection at 30o and 40o, which means that an early 
injection in this particular model is desirable for lesser NOx emission for the engine 
configuration.  
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Fig. 2.20:  Spatial distribution of NOx emission at 20o ATDC[42] 
 
Figure 2.21, shows the CO and HC emission distribution obtained from KIVA simulation for 
the same operating characteristics as above. HC and CO emissions were observed to be 
the least between injection timing of BTDC 10o - BTDC 25o. Increase in HC and CO 
emissions when injection timing advanced before BTDC 30o is because the fuel air mixing 
has occurred slowly in this case resulting in lower local oxygen concentration and thus 
decreased CO oxidation and low combustion temperature. This predicts that a 
simultaneous reduction of NOx and HC, CO emissions will not be possible for this 
particular engine configuration unless some after treatment techniques are employed. The 
effect of after-treatment methods can also be incorporated into the CFD model in order to 
predict any changes to emissions.   
 
 
Fig. 2.21:  Spatial distribution of HC, CO emission at 20o ATDC[42] 
 
Another study by Kim et al.[24, 81] used the same CFD tools and turbulence and 
combustion models as used by Park et al. [42]. They conducted numerical simulation of 
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fuel injection and spray strategies in an HCCI engine to study their effect in emission 
reduction. Figure 2.22, shows a comparison of the results obtained for NOx and CO 
emissions compared to experimental results.  Numerical NOx emission results are close to 
zero at BTDC 30o whereas the CO emissions increased with advance in injection timing. 
This study confirms the results obtained by Park et al.[42]  and the calculated results 
agreed well with experimental data, and hence the model developed was of acceptable 
accuracy.  
 
                         
Fig. 2.22:  NOx and CO emission compared[80] 
 
An early injection of fuel will cause HC emission reduction with a gentle gradient compared 
to other injection timings and moreover a high level of HC emission in the crevice region 
will remain after combustion compared to late injection [81]. HC emission will increase for 
narrow injection angle and advanced injection timing because the fuel spray will impinge 
on the bowl wall and combustion will occur in the crevice region [24]. In addition, advanced 
injection timing with wide injection angle will cause high CO emissions and high spatial 
distributions at the squish and crevice regions and resulting incomplete combustion. 
Only a few studies have been conducted on the prediction of soot emissions from DME 
combustion using numerical methods. Some of the major reasons include difficulty in 
accurately predicting soot emissions using CFD that require writing new codes and 
validating them, and also due to neglecting PM emissions from DME combustion because 
of the assumption that pure DME produces zero soot emissions.  
Kim et al. [81] predicted soot emission from DME and additive mixture combustion using 
CFD and compared it with experimental results for an HCCI engine as shown in figure 
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2.23. The values of soot emission were below 1 x 10-3 g/kW-hr irrespective of the injection 
timing, which is within the Euro VI limits.    
 
Fig. 2.23:  Soot emission results compared for CFD and experiment[81] 
 
Combustion in the squish region can cause a rise in soot emission. Kim et al. [81] 
observed a drop in soot emission for higher fuel mass as shown in figure 2.24, which may 
be due to the better fuel penetration and richer mixture combustion.   
 
 
Fig. 2.24:  Effect of injection timing on calculated soot emission according to fuel mass[81] 
 
A correlation between calculated soot and NOx emissions and injection timing was 
obtained by Park et al.[42] as shown in figure 2.25. In general soot emissions from DME 
combustion exhibits no significant relationship with injection timing due to the 
characteristics of fuel. However, here it shows a slight increasing tendency with retarding 
fuel injection, which may be due to lack of proper combustion.  
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Fig. 2.25:  Soot and NOx emission characteristics of DE fuel according to injection timing [42] 
2.4 Potential methods to achieve lesser emissions  
Innovative methods for combustion and emission reduction were proposed by many 
studies and most of them are still in the developmental stage. Among them LTC and PCCI 
methods are observed to be of great potential if thorough studies are conducted on them 
to overcome their shortcomings. One of the widely discussed areas for controlling 
combustion and emissions is through fuel injection strategies and this needs to be carried 
out with high level of accuracy. In a modern engine this can be done through remapping of 
ECU control maps. Combustion after-treatment techniques like EGR and oxidation 
catalysts can also be a possible method to effectively reduce emissions, provided that they 
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do not affect the engine performance and can restrict HC and CO emissions due to 
increased EGR ratios.  Design and composition of catalytic converters need to be 
investigated further to improve their operational range and regeneration capability to 
effectively use them in real world conditions.  
With PM emissions having been already studied extensively in the past for diesel and bio-
diesel engines, future studies should focus on UFPM emissions from new generation fuels 
such as biofuels and DME. UFPM are difficult to detect and control due to their size and 
are highly toxic, which can lead to serious health issues. In future studies on PM 
emissions, care should be taken in respect of instrument selection, measuring techniques, 
etc. as several studies have reported that laboratory and on-road measurements can give 
different results following the sampling of particle size distribution due to dilution and 
cooling of exhaust gas. Ambient exhaust plume was observed to give more UFPM per unit 
volume compared to the sample collected from dilution tailpipe sample in laboratory [139]. 
The influence of sampling and dilution conditions on nuclei mode PM size distribution 
measured in laboratory is reported by Kittelson et al. [140]. However, it was observed that 
there is no influence on accumulation mode PM size distribution by the sampling or dilution 
conditions.  
The following section suggests some of the possible ways in which Euro 6 emissions 
norms can be achieved in a common rail direct injection engine while maintaining higher 
efficiencies. The techniques discussed  includes new combustion methods like HCCI, 
PCCI, CPC, CCCI [36] etc., different fuel injection strategies, after treatment techniques, 
etc.  
2.4.1 Innovative combustion techniques 
Direct Injection (DI) has served as a mainstay diesel combustion engine technology for 
some time, and is still considered a work horse engine technology with few complications 
and the ability to adapt to various bio-diesel fuels without any modification. However, the 
technology is becoming out-dated and combustion efficiency is low compared to most of 
the modern combustion methods. This is leading to the development of several new 
combustion methods as discussed below. 
HCCI is a prominent combustion technology developed by researchers to achieve better 
combustion performance, lesser noise and lesser emissions in diesel engines. HCCI 
combustion does not have diffusions flame, but has a global instantaneous combustion 
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that will ensure ultra-low NOx and soot emissions. HCCI combustion is used in 
combination with various injection strategies and after-treatment techniques by several 
researchers for 100% DME combustion [33, 36, 81]. HCCI combustion made possible 
combustion with wide spatial distribution, low combustion temperature and resulting low 
NOx and PM emissions. However, HCCI combustion still needs to overcome its 
drawbacks in terms of limited operating range, difficulty with ignition timing control, and 
increased HC and CO emissions [81]. Some of the methods used to overcome the 
shortcomings of HCCI combustion includes, injection strategies, combustion chamber 
modifications, use of oxygen rich fuels etc. [33, 81, 141-145]. The HCCI-DI combination 
suggested by Ying et al.[33] is a possible combination to overcome shortcomings of the 
HCCI model and to integrate advantages of DI combustion to HCCI.  
Premixed combustion of fuel to enhance mixing and promote instantaneous combustion 
has been studied by many researchers in recent years. The PCCI-DI (premixed charge 
compression ignition-direct injection) is such a way of premixing certain amount of DME 
fuel before letting it into the main combustion chamber [78]. While there is no significant 
reduction in NOx that can be observed when compared with HCCI-DI combustion, major 
advantage is observed in case of CO and HC emissions. However, the effect on soot 
emissions by these innovative combustion models has not been studied. Therefore, further 
research will be required before they can be offered as a potential method for DME 
combustion. 
CPC (controlled premixed combustion) proposed by Jun et al. [121] is another concept 
model for DME combustion for achieving ultra-low NOx emissions. The main difference 
from premixed combustion methods is the introduction of a control valve between the main 
combustion chamber and premixing chamber to regulate the amount of fuel/air mixing. The 
study claims to have obtained ultra-low NOx emissions and zero PM emissions under 
optimum operating conditions for DME engine. Results shows that NOx emissions were 
about one tenth of what observed in ordinary DI combustion for DME engines, however 
the increased HC and CO emissions with this method is a concern to be used in real life 
situations.     
Since NOx emissions increase with increasing combustion chamber temperature, another 
combustion model suggested is the LTC method for DME, which combines the 
mechanisms of HCCI and diffusion combustion [35]. This model replaces the isobaric 
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combustion process in an ideal diesel cycle with an isothermal combustion process during 
power stroke with which the combustion temperature is lowered significantly, figure 2.26.  
The LTC model results showed that the NOx emissions were under 30 ppm for all 
conditions and this is a good sign to meet Euro VI norms. However, the study did not 
include identification of PM emission on the assumption that it was not critical at the time 
this research conducted. Given the potential of LTC combustion, it is worthwhile to conduct 
further studies to understand its effect on reducing PM emission and if found effective LTC 
combustion can be a possible method to achieve future emission norms. 
 
 
Fig. 2.26:  LTC system for DME [35] 
 
2.4.2 Fuel injection strategies 
Fuel injection strategies to achieve better combustion and lesser emissions include various 
approaches like; changing injection pressure, injection timing, valve timing, injector angles, 
premixing of fuel etc. When compared to developing advanced combustion models, 
working on fuel injection strategies can be an easier and economical way to achieve 
emission norms even though the technology itself is complicated. There are several 
studies done on this aspect so far and almost all of them report positive outcomes, both 
experimentally and numerically. The idea is to choose the right combustion model 
combined with a proper fuel injection strategy to achieve ultra-low gaseous and PM 
emissions.  
Multiple injection is an effective alternative to conventional single injection which ignites 
the fuel at one go [146-150]. Multiple injections can ensure thorough mixing of the fuel and 
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hence can achieve complete combustion with almost zero HC and CO emissions, which 
usually occurs as a result of incomplete combustion. A pilot injection followed by main 
injection can be used to reduce engine noise and also to control NOx emissions [151-153].  
The timing of pilot and main fuel injection can affect NOx emissions; for instance, a 
retarded main injection timing and an advanced pilot injection timing can significantly 
reduce NOx emission [154]. As DME evaporates faster than diesel and can ignite quickly, 
split injection will allow it to have a gap between combustions to reduce the peak 
temperature and pressure compared to single injection and combustion. In modern 
engines with electronic fuel injection systems, fuel injection is controlled by an ECU 
(engine control unit) installed in the vehicle that contains control maps to communicate 
with various devices. Yehliu et al. [120] performed test on a diesel engine where they 
compared performance of FT and BP fuels for various injection strategies. They observed 
a strong relationship of NOx and PM emissions with fuel injection strategy such that the 
NOx emissions were observed to drop by 20% for split fuel injection for all fuel types, while 
there was an increase in PM emission for diesel fuel. However, for FT gas-to-liquid fuels 
the study observed significant drop in NOx, HC, CO and PM emission with split injection 
and without any modifications on engine configuration.  
Fuel injectors can be modified to change the spray angle to make it narrow or wide in 
order to direct the fuel to the right place inside the engine cylinder [24, 81]. A study by Kim 
et al. [81] used a combination of narrow spray angle and advanced injection timing to 
control emission from an HCCI engine. An advanced fuel injection is observed to provide a 
wider spatial distribution due to the vaporization characteristics of DME, while a late fuel 
injection will result in wall impingement of fuel and resulting increased HC emissions. 
Figure 2.27, shows the relationship between fuel spray location, injection timing and 
injection angle. NOx and PM emissions tend to decrease with advancing fuel injection, 
while the CO emission increases with advancing fuel injection. The reason for reduction is 
due to reduced peak temperature inside the cylinder because of early injection and 
combustion of the fuel. However, advancing fuel injecting beyond a certain limit may cause 
incomplete combustion due to insufficient amount of oxygen inside the cylinder during that 
time to combust the fuel completely. Hence, a proper combination of fuel injection timing 
and crank speed is essential for increasing the engine performance and reducing 
emissions simultaneously [21]. Also, too retarded fuel injection can lead to misfire and 
resulting non-uniform power production. The droplet size of fuel and air entrainment in the 
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spray is critical compared to combustion chamber geometry for achieving reduced PM 
emissions [155-157]. 
Late injection of DME will cause HC, CO and formaldehyde emissions due to insufficient 
time for the fuel to combust completely [158]. Performance of diesel and DME engines 
based on nozzle configuration was studied by Kim et al. [80]. The pulse width of DME 
increased by about 37% due to the increased amount of DME (about 48%) supplied to the 
cylinder to overcome the lower heating value and lower density of DME to produce same 
heating capacity as diesel.  
 
 
Fig. 2.27:  Cylinder location based on fuel injection angle and injection timing [24] 
As most of the injection strategies can be controlled using ECU programs and by proper 
choice of injectors, it is relatively easy to test the effect of injection strategies on engine 
performance and emissions. This has not yet been studied in detail and hence further 
research in this area might help to determine methodologies to reduce emissions while 
achieving improved engine performance. Fuel wetting on the walls of the engine cylinder is 
also a reason for PM emission during cold starts, which needs to be controlled through the 
proper design of combustion chamber and piston bowl together with optimizing intake flow 
motion and fuel injection strategy [159-163]. Several attempts to study the effects of 
injection strategies on emission from DME combustion have been carried out, but most of 
these studies do not discuss the impact on engine output and torque generation.  
Due to the vaporization characteristics of DME, a proper control over DME inlet 
temperature must be implemented by the use of fuel coolers. In a diesel engine, the supply 
line can get up to 100oC, which is not desirable for the DME system as the fuel will 
vaporize and can cause vapour lock. The increased fuel temperature can affect injection 
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timing as an increase in acoustic velocity factor (α, m/s) will cause fuel injection timing 
advance and vice versa. Acoustic velocity for DME is given as a function of elastic 
modulus (E, Pa) and density (ρ, kg/m3) as in equation 1 [164]; 
       
     
At a constant pressure of 20 MPa and for an increase in temperature from 10 oC to 60 oC, 
both E and ρ of DME is decreased, which leads to decrease in α. For this reason, a stable 
operation of injection system cannot be achieved, which can result in inconsistent engine 
operation and emissions. Figure 2.28, shows the DME thermal physical property data as 
prepared by Xi’an Jiatong University [165].  
                                  
Fig. 2.28:  EGR system equipped DME engine assembly test-bed [165] 
2.4.3 After-treatment techniques 
Using after-treatment techniques to regulate emissions is one of the conventional methods 
in use for a while now. The technology and equipment used has undergone rigorous 
modifications and the current after-treatment methods are capable of achieving Euro VI 
norms even with normal diesel. After-treatment techniques include EGR (exhaust gas 
recirculation), oxidation catalysts, NOx traps, EGR cooling to reduce combustion 
temperature, EGR treatment etc. Some of the prominent exhaust gas treatment methods 
that can possibly help achieve Euro VI norms are discussed in this section.  
NOx reduction of up to 40% can be achieved with EGR without much effect on visible 
smoke and engine thermal efficiency. A down side of using higher EGR ratios is the 
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increase in CO emissions, which can be controlled by using an oxidation catalytic 
converter [39]. An EGR system require the exhaust gas to be recirculated to the air intake 
through an EGR cooler and EGR valve to control the amount of gas recirculated. A similar 
system diagram is shown in figure 2.29.   
Cooling down the EGR gas is critical to limit combustion temperature inside the cylinder to 
reduce NOx generation. Studies have been done to mix the EGR gases with DME to 
oxygen enrich the charge to control CO and HC emissions. The reduction in NOx at higher 
EGR ratios is due to the increase in three-atom molecule inert gases (CO2, H2O etc.) in the 
intake charge. Increased specific heat of the inert gases is also a driving force for limiting 
the combustion temperature and hence the NOx emissions. However, the increased EGR 
ratios will limit post combustion oxidation and will cause CO and HC emissions, which can 
be limited through the use of oxidation catalysts. CO emission is mainly regarded as a 
function of excess air ratio [16]. Another factor that may get affected by increased EGR 
ratios is the PM emissions, which can be controlled by the use of DPF or particulate traps 
[166-171]. A typical such setup will use cordierite or silicon carbide assembled in a steel 
container which has good thermal shock resistance and thermal conductivity properties 
[172-175]. 
 
Fig. 2.29:  EGR system equipped DME engine assembly test-bed [38] 
 
In DME engine, EGR ratios need to be optimized irrespective of the absence of NOx-soot 
trade-off in order to avoid combustion instability that otherwise may occur. Usually EGR 
valves are controlled by using the engine ECU, which is programmed or optimized for 
performance and not for controlling emissions. Studies were carried out with a dedicated 
ECU that can actively monitor emissions and control the EGR valve for optimized flow rate 
proved that the DME engines can easily meet Euro IV emissions. To achieve optimized 
Chapter 2 
 
2-37 
 
performance of EGR valves, irrespective of the engine performance and as a rule of 
thumb, low EGR ratios must be used at high load conditions and high EGR ratios must be 
used at low load conditions [15].   
A combined system of SR (steam reforming) and LNT (lean NOx trap) catalysts by Park et 
al. [22] was shown to have a considerable advantage over other similar systems to give 
improved performance of de-NOx catalyst in DME engines. The system uses H2 and CO 
generated from DME SR catalyst as reductant for LNT catalyst. This system is found to be 
better over the conventional catalytic systems like urea-selective catalytic reduction (SCR), 
HC-SCR, etc. [90-92]. The system proposed by Park et al. is shown in figure 2.30.  
In order to reduce the loss of energy through the exhaust gas, the above proposed system 
will make use of heat and water vapour from exhaust gas for SR reaction in the system. 
The system, if implemented, might help DME meet Euro VI emission norms with some 
modifications done on the after-treatment section of the engine assembly. Further studies 
will be required in this area as the proposed system cannot give consistent performance in 
NOx reduction resulting in increased temperature of reaction together with higher 
emissions. Both these are observed to affect the H2 production which is vital for the 
catalyst for NOx conversion. Modifications on the system with the capability to obtain a 
consistent performance of the catalytic convertor are essential for its use in real world 
conditions.  
 
Fig. 2.30:  Combined SR and LNT catalytic system for improved de-NOx reduction [22] 
 
Effective control of valve events can control the engine performance for DME combustion 
[36]. An increased fuel conversion was observed for late exhaust and intake MOP 
(maximum opening point). Also, increased combustion efficiency was observed for lower 
exhaust valve lift cam due to the increased thermal energy from IEGR (internal exhaust 
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gas recirculation) gas and recompression. This can limit the combustion temperature just 
as through the use of EGR system by increasing the inert gas presence in the combustion 
chamber. This method needs to be controlled carefully using EGR system to perform 
effectively in a DME engine system. Further research will be required to see if this method 
can help DME attain Euro 6 norms. 
2.5  Conclusion 
In this review paper, the potential of DME as an alternative for diesel and the combustion 
and emission characteristics of DME with a brief overview of the previous works conducted 
in this area were discussed. With the Euro VI emission norms ready to be implemented 
soon (2014), it is critical that detailed studies are carried out on the methods to limit 
emissions from DME engines. With the use of promising techniques to control emissions 
and by taking advantage of the combustion and emission properties of the fuel, it is 
expected that DME engines can achieve future emission norms with less effort when 
compared to diesel engines. 
Once of the major reasons for gaseous emissions from DME system is observed to be due 
to non-optimized engine parameters and operating conditions for DME combustion. 
Implementing optimized EGR ratios can significantly reduce NOx emissions. Use of multi-
stage cooled EGR systems are found to improve the benefits of normal EGR systems by 
controlling gas temperature. Since the risk of PM trade-off with increased EGR rate is 
absent in DME combustion, higher EGR rates can be used and any resulting rise in CO 
and HC emissions can be controlled by the use of oxidation catalysts downstream of 
exhaust manifolds. These oxidation catalysts need to be chosen based on the chemical 
composition of exhaust gases and temperatures downstream of the DME engine.  
PM emissions, especially UFPM emissions in DME combustion need to be thoroughly 
investigated to understand the nature and composition of particles emitted. This will 
determine the toxicity of DME PM emissions and will aid towards developing techniques to 
control these emissions. Effectiveness of DPF’s in controlling DME PM emission requires 
detailed investigation on particle size and shape factor. Since most of the PM emissions in 
DME is blamed on additives and lubricants used to overcome its disadvantages as a fuel, 
investigation is needed to find new fuel additives and lubricants that do not compromise on 
emissions. Under Euro 6 emission norms particular emphasis is given on PM number 
emissions and hence this study will aim to understand how PM number concentration gets 
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affected due to various emission reduction techniques. This will be one of the key criteria’s 
to confirm DME can meet future emission norms. 
Detailed investigation is needed on the capabilities of injection strategies like multiple 
injection, injection and spray angles, injection pressure etc. to achieve complete 
combustion with lesser emissions and to obtain control over engine operating parameters. 
Injection strategies if found to be effective to control NOx and PM emissions, will be the 
most cost effective method to achieve lesser emissions and hence the results obtained will 
be of great interest in this research area. Use of innovative combustion technologies like 
HCCI, PCCI, LTC, etc. also seems to have great potential in developing an optimized DME 
engine with controlled combustion and emissions.  
In essence, DME as an alternative fuel for diesel has great potential in this energy hungry 
world. Detailed studies will help to overcome the difficulties currently existing in using DME 
fuel and fuel system. Regardless of these concerns, it is evident that the pathways for 
DME to become an alternative for diesel is not as tough as that for the other proposed 
alternate fuels when factors like production, storage and application are considered.  
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CHAPTER 3: Laboratory and Experimental setup 
 
This chapter explains the design and setup of engine testing laboratory.  One of the major 
tasks related to this thesis was to design and set up an engine testing facility that is 
capable of testing a wide range of fuels both in liquid and gaseous forms. A significant part 
of the candidature was invested towards setting up this laboratory and hence is discussed 
in this report. Discussions in this chapter include design consideration of the lab, 
engineering challenges faced during the setup and implementation of design.  
 
 
Fig. 3.1: Alternate Fuels Combustion Laboratory (AFCL) UQ 
 
3.1 Design considerations of laboratory 
 
In this section major design considerations of the laboratory are discussed. Actual test cell 
is set up to successfully address all these factors to ensure project objectives can be met 
while meeting the constraints.  
 
3.1.1 Fuel handling capabilities 
 
Ability of the test cell and engine to handle a variety of fuels is critical for this thesis and for 
the use of facility for future research. For the current thesis engine has to able be run on 
dimethyl ether (DME), which is a compressed gas, and also a range of liquid fuels 
Fuel area 
Engine room 
Control room 
Chapter 3 
 
3-2 
 
including normal diesel, Cotton Seed Oil, Waste Cooking Oil, Algae diesel etc. To ensure 
quality of fuel system Swagelok tubes and fittings are used in the lab that meets Australian 
standards for the application.  
 
3.1.2 Space, noise and vibration 
 
The engine test lab is established in a discarded fuel store room, which has undergone 
thorough modifications to changeover to an engine test facility. Test lab is located between 
two other buildings that house various offices, laboratories and lecture rooms. This 
imposes strict control over emissions and noise pollution from the lab. Due to the small 
size of the engine room a separate demountable shed is installed and converted to make 
control room for the system. However, during experiments the lab and control room was 
found insufficient to include all the test gear and hence a gazebo was installed near the lab 
to set up some of the emissions test gear and to allow space for test participants to work 
on the instruments and for data collection. The engine room, while running tests, will be 
locked and operator cannot enter the room until engine is stopped due to safety concerns. 
Some of the test gear including Horiba gas analyzer required manual data collection and 
hence were required to set up outside the engine room.  
 
In an engine test lab major source of noise and vibration is the engine itself, while other 
sources like pumps, fans, equipment’s for measurement of various parameters etc. will 
also contribute towards noise. An engine undergoing testing is regarded to have up to size 
degree of freedom of vibration. They are, along center of gravity, linear vibrations along 
each axis, and rotation about every axes. Among these the critical three are, 1) 
Unbalanced vertical forces induced rotation along x axis, 2) torque variation induced 
vibration along y axis, and 3) unbalanced vertical forces induced rotation along z axis 
[176].  
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Fig. 3.2: Principal axes and degrees of freedom for an IC engine  
 
Thick brick walls used for the room was in favor of choosing it for converting it to an engine 
test cell. To further reduce noise pollution to nearby buildings, doors with insulation 
property was installed and the entire lab was sealed air-tight. The doors used are selected 
to meet requirements of noise diminution and capable of containing fire and explosion.  A 
semi-anechoic type of test was developed for reasons like; they are cost effective and 
reflect situation of cars on road. The exhaust system used mufflers and the exhaust gas 
was sucked and vented over the roof of the highest building near the lab using an 
extraction system. This helped to prevent combustion smoke entering nearby office space. 
A small space outside the engine lab was converted to fuel area by erecting walls. 
However, a roof was not installed over fuel area in order to comply with safety regulations 
of using flammable compressed gas as any leak from the system should be allowed to go 
to atmosphere as soon as it happens and should not be allowed to trap near the fuel area. 
 
Storage of fuels was an issue as the whole campus was fully occupied with no space 
available to set up a fuel store. A small store area was made available for liquid fuels later 
and a fuel store cabinet is installed to contain spills if happened. However, DME supply 
tanks are heavy and huge and hence require to store in the fuel area near lab. For safety 
reasons naked flame and ignition sources were prohibited within several meters of the fuel 
area with signs erected to post warnings. Strict procedures were followed in the lab 
regarding fuel handling to prevent accidents and pollution. 
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3.1.3 Safety considerations 
 
Any space that handles fuels are considered as dangerous zones. While liquid fuels are 
less risky to manage safely, handling DME is not quite easy as the fuel is odorless and 
hence cannot be detected easily if leaked. Moreover, as DME is a compressed highly 
inflammable gas, any small leaks can lead to catastrophic disasters. For this reason tight 
safety measures were taken during construction of lab by installing safety equipment’s and 
by following procedures that are audited to confirm all risks are addresses and mitigated.  
Since DME was required to be used in the lab, the facility was installed with highly 
sensitive gas detection systems and ventilations systems. An intrinsically safe system was 
installed to control power supply to the lab to avoid accidents due to fuel leak. A safety 
interlock system was installed to shut down power to the system in case of emergency. 
The engine room was set up in a way that no power or ignition source will be available in 
the room once emergency shutdown system is activated. To efficiently implement this all 
the equipment’s were checked to confirm no batteries are installed in any of them. Safety 
of personnel and lab was given utmost priority during the setup and operation of the test 
facility. 
Dress code including fully enclosed shoes and PPE (personal protective equipment’s) 
including safety goggles, ear plugs etc. were made compulsory for entry to the engine lab. 
Completion of risk assessments, lab space inductions and training on equipment’s are 
compulsory for working in the lab. A detailed lab safety manual was prepared and 
maintained to allow users to refer to instructions on how to use various equipment’s and to 
carry out work in the lab area. A database was prepared and updated regularly to discuss 
all the risks associated with performing various tasks in the lab, which were audited and 
approved by the lab in-charge and work place safety manager. 
 
3.2 Laboratory layout 
 
Positioning of various equipment’s in the lab was a tough job as the space available was 
minimal and it required to be carried out based on operational and safety restrictions. A 
series of discussions and brainstorming were done to ensure that instruments are laid out 
properly. Figure 3.3 shows equipment layout sketch in the lab for diesel system.  
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Fig. 3.3:  AFCL instrument layout diagram 
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3.2.1 Positioning of engine and dynamometer 
 
Engine and dynamometer are some of the most critical parts in the engine lab. They are 
expensive and sensitive parts and hence need to be set up carefully to ensure accuracy of 
measurement and to prevent damage to the system. The engine room is quite small (2.4m 
x 3.6m) and hence space was a constraint during setup of equipment’s. Thoughtful use of 
space was critical to ensure equipment’s are laid out to perform experiments. As normal 
practice engine and dyno bed were laid out lengthwise in the room to provide space 
around the setup to walk and work on instruments. 
Proper lighting of the room was done using lights that are explosion proof rated to meet 
DME safety standards. Explosion rated lightings and equipment’s are critical for use in 
places where there is risk of fuel or oil fumes, gas leaks etc. can happen. The lights are 
securely mounted to roof of the room to avoid any glare on CCTV cams. 
 
 
 
Fig. 3.4:  Engine-dyno system assembly 
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3.2.2 Control room 
 
A control room is essential for use of the operator to monitor and carry out tests from a 
safe area that is still close enough to the test cell. Control room is set up in a demountable 
shed located near the engine room. The room is 2.4m x 3.6m rectangular shaped with a 
main door to access it and a window. There is no direct window view from control room to 
engine room as commonly observed in engine test cell designs. Instead, surveillance 
cameras are used in the engine room at various angles and wired to the control room to 
monitor engine room conditions. The control room layout is carefully done to minimize 
space taken by equipment’s to allow personnel to work inside the room to operate engine 
and dyno. Computers are located inside the room that controls and monitors engine and 
dyno functions, combustion properties etc. Emergency shutdown systems are located 
inside the control room together with gas detection monitors to use in emergency 
situations.  
 
 
 
Fig. 3.5:  Control room instrumentation 
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3.2.3 Power supply 
 
A reliable power supply system is critical for any engine testing facility as it is required to 
control the whole testing process. An intrinsically safe power supply system was selected 
to use in the system to comply with hazardous zone applications. The main power supply 
will power all the devices in the engine and control room. A separate battery is installed for 
the purpose of starting the engine. A single phase power supply is provided to the eddy 
current dynamometer, which is controlled via the dyno power supply. Care was taken to 
maintain operating temperature of all electrical and electronic parts within their safe 
operation range, which is normally between -20oC to 50 oC. To avoid interference on signal 
wires due to sharing same conduit with power supply cables laid between engine room 
and control room, proper grounding was done everywhere required. 
 
On the engine, piezo electric injectors and various sensors are powered using a 12V 
power supply regulated using ECU and IDM. All the emissions testing gears and various 
controls systems are powered from the live power supply that is connected to the safety 
interlock system, which can shut down the whole system in case of an emergency 
situation. However, the ventilation fans for the room are setup in a way that it will run at full 
capacity in case of an emergency even if the system is in shutdown mode.  
 
 
Fig. 3.6:  Power supply system and gas detection system panel 
Power supply Gas detection panel 
Exhaust 
pipe 
Radiators 
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3.3 Engine 
 
The engine used for this research is a Peugeot 2.0 HDi engine distributed under code 
name DW10BTED4 RHR. Engine specifications are as given in the following table 3.1 
 
Table 3.1:  
Engine specifications 
Type Specification 
Engine 4 stroke, Peugeot 2.0 HDi engine, Euro 4 
Bore (mm) 85 
Stroke (mm) 88 
Number of cylinders 4 
Cubic capacity (cm3) 1998 
Compression ratio 17.8 
Rated speed (rpm) 4500 
Rated maximum torque (Nm) 320 
Rated maximum power (kW) 100 
Number of injector holes  6 
Number of valves 16 
 
The engine was bought second-hand and is modified to use in the project. The supplied 
engine does not come with ECU or wiring for use in the application. As the engine supplied 
used an automatic transmission system, it came with a flex-plate and not a solid mass 
flywheel (SMF). Hence, the flex-plate was replaced with an SMF to connect it to the dyno 
using a driveline, which is discussed later in the thesis. 
One of the major challenges faced during setup of engine was wiring the sensors and 
various parts on the engine to the aftermarket ECU bought for engine control. The main 
problem was that a circuit diagram for the engine was not available and hence it was hard 
to identify connections required for sensors and valves. Also, individual sensors on the 
engine were required to be calibrated to connect it properly with ECU to read accurate 
values. This phase of the lab setup was time consuming as no expert support was 
available during this process.   
 
The initial setup of driveline does not function well leading to failure at higher loads and 
speeds. The problem was identified to be due to torsional vibrations and hence required 
redesigning of the whole driveline to tackle issues with vibrations and critical speeds of the 
system. Designing of this system is discussed in detail later in this thesis. Together with 
the driveline, engine mounts were also redesigned to better dampen engine vibrations. 
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The new mounts used are failsafe type and is capable of isolating vibrations to prevent it 
transferring to the floor and bed.  
 
Although the original specifications of the engine is as given in table, the actual engine 
setup in the lab was detuned to lower specifications to avoid damage to the engine under 
extreme test conditions and to protect driveline. For detuning the engine, all the fuel 
injection parameters and turbo operating parameters were stepped down from original 
specs to produce a maximum torque of 235 Nm at 2000 rpm. Only steady state tests are 
conducted as a part of this thesis and hence a constant speed of 2000 rpm was used for 
all the tests for ease of comparison. Idle speed of the engine was modified from original 
800 rpm to 920 rpm to provide safe distance from the critical speed, which is at around 
750 rpm based on the new driveline design.  
The engine used has block, head and exhaust manifold made of cast iron (CI). A turbo is 
used in the engine, which is controlled via vacuum that is controlled by a solenoid valve. 
The solenoid valve is operated to adjust vacuum to the waste gate based on desired turbo 
position from ECU map. The engine uses cooled type EGR circuit to control NOx 
emissions from the engine. In order to operate the valve at will for various load conditions, 
control of the EGR valve was removed from the ECU and system is modified to be 
controlled via a stepper motor, which in turn is controlled via a PID circuit and program to 
run the motor. CO2 measurements were used to calculate EGR ratios for various valve 
opening positions.  
 
During one of the initial test runs an engine was damaged requiring it to be replaced due to 
a runaway situation. The engine was not able to be shut down as the engine went out of 
control due to breathing its own oil vapor to kept it running until it stalled. To prevent such 
accidents in future an air shutoff valve was designed and installed in the engine air inlet so 
that this can be activated to shutoff air flow to the engine by which the engine can be 
stopped. Stopping fuel flow to the engine under runaway conditions will not stop the 
engine and hence stopping air flow is critical for engine control during runaway. The air 
shutoff valve used was a pneumatically controlled failsafe type, which will close with spring 
force when air supply is removed from the valve. This valve was installed in a way to be 
activated and deactivated by the emergency shutdown button.  
 
A fin type intercooler was installed with dedicated fan for cooling the air supplied by turbo 
before it enters the engine intake manifold. This helps to keep the air temperature almost a 
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constant value under most of the operating conditions. Keeping the intake air supply 
temperature to the lowest possible is important to supply denser air to the intake as it can 
influence air flowrate to intake manifold and power output.  
 
3.4 Engine control unit (ECU) 
 
Engine control unit is considered as the brain of modern day engines. An ECU can control 
almost all aspects of an engine and the whole vehicle itself. In the current setup ECU is 
coupled with an injector driver module (IDM), which contains control systems to drive the 
piezo electric injectors used in the engine. Each injector is driven by 120 V power supply. 
Control maps for fuel injection are loaded in the ECU, which function based on pedal 
position, air and fuel temperature and pressure, load requirement etc. The ECU used for 
current setup was supplied by a UK based company specialized in developing 
programmable aftermarket ECU’S. The ECU supplied comes with a set of base maps that 
can be used to check basic functions of engine like, if it is operational, sensors working 
etc. Users of the system are expected to program these ECU systems to obtain desired 
engine performance characteristics.  
 
3.4.1 Use and capabilities of programmable ECU 
 
The ECU’s supplied with engines by manufacturers are normally locked ECU’s that are 
hard to open and reprogram due to machine level language used in such systems. Special 
programs that are capable of converting such machine level programs to sensible 
information is important to understand and modify the maps. Normally engine 
manufacturers does not supply such codes or programs to public unless there is an 
agreement between a research group and the industry. For this thesis engine was sourced 
from a used cars spare parts shop and hence it was not easy to work on the original ECU. 
An aftermarket replacement ECU has the advantage that it will help to remove unwanted 
accessories like immobilizer, gear system etc. out of the engine system. However, the 
trouble with using aftermarket ECU’s include 1) difficulty with wiring the ECU to engine 2) 
programming the ECU so that engine produces rated performance 3) confirming engine 
diagnostics work as on the original ECU to protect engine from damage etc. 
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Fig. 3.7:  ECU and IDM installed 
 
Some of the important functions this ECU can control which are of interest for this project 
are as follows. 
1. Boost control map: This map controls operation of the turbo charger fitted to the 
engine. Axes of the map are pedal position from pedal position sensor (TPS) and 
engine speed (RPM). Based on the engine operating condition input values from 
TPS and RPM will pick a certain value in the 3D map, which in turn control vacuum 
supply to the turbo waste-gate using a solenoid valve to control position of the 
valve. Another target value map located in the ECU will compare actual position of 
valve against target values to find error and use a proportional-integral-differential 
(PID) circuit to adjust position of valve to give desired engine performance. 
2. Boost control target manifold pressure: This map continuously monitors inlet 
manifold air pressure using a sensor installed in the engine and use it as a 
feedback signal to optimize turbo and fuel pump operation. 
3. Fuel injection pulse width: Two of these maps, one for main fuel injection and 
another for pilot injection is used for this engine. Fuel injection duration is 
mentioned in milli-seconds. Depending on engine load and speed conditions, the 
engine will use different values for pulse width duration. Using a pre-injection will 
Power board 
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help to reduce ignition delay during main injection and also will help to control in-
cylinder temperature to reduce NOx emissions.  
4. Fuel injection timing: A main and a pilot fuel injection timing map is used in the ECU 
to control fuel injection, which will vary with engine operating condition. Values in 
the map are given in units of crank angle degree (CAD), which are BTDC values if 
positive and ATDC if negative.  
5. Fuel injection pressure: This map will control fuel injection pressure to the cylinder. 
A high pressure sensor connected to the common rail of the engine gives real-time 
fuel pressure feedback to the ECU, which in turn operates a solenoid valve located 
on the fuel pump to adjust position to control fuel supply to the common rail and 
injectors. For the project engine common rail pressure varies between 300 bar to 
1600 bar depending on engine operating condition for diesel injection.  
About 100 other ECU maps are used for this engine together with the above maps to 
control the operation of the engine for various conditions. Most of the above maps can be 
controlled real-time when engine is running.   
 
3.4.2 Setup and configuration of ECU 
 
Setup of the ECU starts with identifying various parts of the engine that are critical for 
controlling its operation, finding out how they function, and wiring of these parts to the 
ECU. For instance, a solenoid valve will have a feedback signal and a driver signal, while 
a sensor will only have a signal output that is monitored by ECU. Special care need to be 
taken when wiring sensors and valves to make them function as desired. Engine sensors 
are required to be recalibrated to set their operation range and program them to the ECU. 
A high current DC power supply system was set up to wire all the sensors and valves of 
the engine. Unlike in an automobile, all the engine related parts are powered in this setup 
by live power supply and not using a battery. A heavy duty battery was used for starting 
the engine, which was charged using separate power supply. All the accessories on the 
engine except those are necessary for its functioning are removed from the system to 
avoid unwanted power reduction of the engine.  
 
A 35 pin connector, a 23 pin connector and a 16 pin connector gives all the connections 
required for ECU and IDM to engine and PC. A CAN bus connection from ECU is 
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connected to a PC installed in the control room, which has the ECU software running for 
real-time viewing and modification of engine operating parameters. An oscilloscope display 
in the software help to find any unstable operation parameters like fuel pressure, turbo 
pressure etc. to adjust PID circuits to achieve stable operation. A Valeo hall-effect sensor 
(PA66 GF30) type crank angle encoder was used to monitor engine speed and crank 
angle. Sensor’s output voltage is 250 mV and sensitivity of 5.0 mV/gauss, with switching 
speed of 3 milli-seconds. This sensor having an accuracy of ± 0.05 degrees also feeds  
signal to the combustion analyzer.  
 
3.4.3 Engine mapping 
 
For tuning the engine for performance engine was ran at various set speeds and load 
conditions to obtain stable operation by adjusting map parameters. Information available 
on the original engine performance using manufacturer’s ECU was used as target tuning 
for the programmable ECU. In the early stage of setup a properly designed driveline that is 
capable of handling rated power and torque of the engine was not installed. Also, the 
engine exhaust system was found not efficient enough to push exhaust gas out of the 
system at higher loads and speeds and hence engine could not be ran over 3000 rpm to 
do a complete tuning. Hence, for safety reasons the engine was required to be detuned to 
produce lesser peak torque and maximum speed during tests were limited to 2000 rpm.  
 
Figure 3.8 shows a comparison of engine performance for original engine and detuned 
engine at various speeds. In this research the detuned performance obtained from the 
engine for diesel running is considered as the maximum achieved benchmark diesel 
performance baseline to compare with other fuels.  
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Fig. 3.8:  Performance comparison for original engine and detuned engine 
 
During the tuning process engine coolant temperature, fuel temperature and manifold air 
temperature were maintained reasonably stable. For detuning engine to lower 
performance figures, parameters like fuel pressure, pulse width and turbo boost was 
trimmed down. This study followed steady-state engine testing and hence tuning up to 
2000 rpm engine speed where this engine produce maximum torque was carried out few 
times to achieve smooth operation. During initial stages of tuning exhaust manifold 
temperature was found to be quite high at higher loads due to unburnt fuel combusting 
during exhaust stroke and also due to drop in boost pressure leading to less intake air for 
proper combustion. This was controlled by dropping injection pulse width and injection 
pressure and limiting boost pressure to a maximum of 2 bar at 2000 rpm. Rated 
performance figures of the engine was dropped by 25% to keep the driveline and exhaust 
system within safe operation range. Later during the project drive-line system was 
upgraded to handle rated performance figures of the engine, but the exhaust system was 
not upgraded due to lack of funds and time available. This lead to the decision to continue 
using engine at detuned state.  
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Fig. 3.9:  3D map, table and 2D map used in the system for fuel pressure control 
 
Figure 3.9 shows the 3D map, table and 2D map used in the diesel system for fuel 
pressure control. The first column in table shows pedal position and the first row shows 
engine speed. Values given in table shows fuel injection pressure in bar. The 2D plot 
shows variation of fuel injection pressure with change in speed. 
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Fig. 3.10: Main pulse width values of the engine in the table  
 
Figure 3.10 shows the 3D map, table and 2D map used in the diesel system for main fuel 
pulse width control. The first column in table shows pedal position and the first row shows 
engine speed. Values given in table shows fuel injection pulse width in microseconds. The 
2D plot shows variation of main fuel injection pulse width with change in speed. The red 
lines in plot corresponds to selected values of injection pulse width from table. 
 
Similarly, Figure 3.11 shows the 3D map, table and 2D map used in the diesel system for 
boost pressure control. Boost pressure corresponds to the pressure measure at intake 
manifold after turbo inlet. The first column in table shows pedal position and the first row 
shows engine speed. Values given in table shows boost pressure in millibar. The 2D plot 
shows variation of boost pressure width with change in speed. 
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Fig. 3.11: Boost pressure values of the engine in the table 
 
3.5 Froude Hofmann dynamometer system 
 
A dynamometer is the next most important thing to an engine in a testing facility and is one 
of the most expensive and sensitive part in a lab. A dyno need to be properly calibrated 
and set up to make sure it reads data accurately and functions smooth enough to carry out 
tests. The dyno used in the current study (AG 150) was supplied by Froude Hoffman UK. 
An eddy current type dyno was selected due to the ease of installing and maintaining and 
also because they are more accurate and stable than other type of dynos. Eddy current 
dyno works on the principle that it uses electricity to apply brake on the engine while using 
a water cooling system to take away heat generated from braking. For this reason cooling 
system for such dyno’s need to be carefully designed and monitored to avoid damage to 
the system. 
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Fig. 3.12:  Froude Hofmann AG150 Eddy current dyno [177] 
 
3.5.1 Use and capabilities of the system 
 
The AG 150 dyno is bi-directional, which means it can take load either in clockwise of 
anticlockwise direction depending on setup. Hence, the system needs to be properly 
calibrated prior to use to measure data in the correct way. A dyno starting option for 
engine could be added to the system in cases where a start motor cannot be used or else 
if a pure motoring operation is needed for engine development process. In this project a 
starter motor was used and hence dyno starting was not used. This particular dyno is rated 
at 150 kW (200 bhp), 500 Nm torque, with a maximum operating speed of 8000 rpm.  
Power to be braked using dyno is controlled by varying magnetic field produced by coils 
located inside a casing. The rotating shaft of the dyno rotors will cut magnetic field and 
eddy currents will be generated within the loss plates. The eddy current generated will act 
as brake to oppose the rotation by applying load to prime mover and generate heat in loss 
plates. The heat thus generated will be removed by cooling water passed through 
passages at the rea of loss plates. Speed of dyno rotor is measured using an 
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electromagnetic pulse pickup and a tooth wheel installed on shaft half coupling of the 
dyno.  
 
 
Fig. 3.13:  Inside view of Froude Hofmann AG150 Eddy current dyno [177] 
 
Table 3.2:  
Specifications of dyno [177] 
 
Parameter Value 
Max. Power 150 kW (200 bhp) 
Max. Torque 500 Nm (369 lbf.ft) 
Max. Speed 8000 rpm 
Torsional stiffness 0.35 MNm/rad 
Inertia 0.093 kg.m2 (2.21 lbf.ft2) 
Torque accuracy ± 1.25 Nm 
Speed ± 1 rpm 
 
3.5.2 Setup and calibration of dynamometer 
 
Power modules and transducer box for the dyno system is installed inside the engine room 
to minimize length of cables to avoid drop in signal strength. Control system for the dyno 
Chapter 3 
 
3-21 
 
however, is installed inside the control room so that operator can use it from a safe place 
during testing. A dyno log system provided by the manufacturer was used to log test data 
to a special PC.  
 
Connection of the dyno with the engine was done using a cardan shaft and couplings that 
are designed to take the maximum load capacity of the engine together with damping all 
torsional vibrations from the system to prevent any failure of driveline during operation. 
Details on this design is discussed later in this chapter. The driveline is connected to crank 
shaft with least possible angle offset (0.5 degree <) to prevent damage to couplings and 
driveline.  
 
 
 
Fig. 3.14:  Dyno system connection diagram [177] 
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Calibration weights supplied with dyno was used to calibrate dyno. Various sensors were 
connected to the dyno and calibrated using corresponding instruments. Dyno transducer 
system provides several spare channels for wiring additional analogue/digital signal in/out 
so that users can configure the system further to their needs. In the current setup most of 
these spare channels were used for wiring additional control systems for remote 
controlling of various test cell operations.  
 
 
Fig. 3.15:  Cardan shaft 
 
3.5.3 Dynamometer control system 
 
Dynamometer control system is located inside the control room so that operator can 
operate the system remotely. A desktop control module (DTM) is connected to the Texcel 
V12 dyno control system, which has several inputs including those for engine throttle and 
dyno loading, cranking etc. The dyno system user interface (UI) shows a wide range of 
data from various sensors installed in the system. Software switches to control various fuel 
pumps, emergency valves etc. are added to the UI for ease of operation. The system is 
installed and wired in a way that activating emergency shutdown button will power-off the 
entire system with no active power inside the engine room during emergency situation.  
 
3.6 Design of driveline 
 
Drive line in an engine testing facility is a critical part that connects engine crank shaft to 
the dyno coupling. The driveline is meant to transfer power or motion from a prime mover 
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to the driven rotor and hence should be designed in a way that it can handle load and 
vibration transferred by engine to the dyno throughout the entire operation range of the 
system.  
 
Designing a driveline is hard task as if not done properly it will create several issues 
including [176], 
 
1. Torsional vibrations 
2. Extreme vibrations of engine and dyno leading to failure of parts 
3. Whirling of shafts 
4. Damage to crank shaft bearing of engine and dyno coupling bearing 
5. Wear of shaft components 
6. Damage to shaft couplings 
7. Starting issues with engine 
3.6.1 Design considerations 
 
It is important that the loads due to mass and unbalanced forces on the driveline to not 
exceed maximum overhung weight limits of the engine or dyno. Dyno end has a half 
coupling and at the engine side the shaft is to be connected to the solid mass flywheel.  
As from Martyr and Plint et.al., an engine-dyno setup can be considered as two rotating  
masses joined by a flexible coupling. This kind of setup has tendency to produce torsional 
vibrations and the corresponding resonant or critical frequency of the system can be given 
by, 
𝑛𝑐 =
60
2𝜋
√
𝐶𝑐(𝐼𝑒 + 𝐼ℎ)
𝐼𝑒𝐼ℎ
 
where, 
 C - Stiffness of coupling 
 Ie - Mass moment of inertia of engine 
Ih - Mass moment of inertia of dyno 
It is important that the shaft connecting engine with dyno to be joined using coupling with 
proper stiffness to confirm that the critical frequency of system lies outside of the natural 
frequency of the engine.  
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Maximum shear stress brought in a shaft is given by, 
𝜏 =
16𝑇
𝜋𝐷3
 
where, 
 D - Diameter of shaft 
 T - Torque applied to shaft 
Another parameter that needs to be considered is the whirl speed, given by, 
𝑁𝑤 =  
30𝜋
𝐿2
√
𝐸𝜋𝐷4
64𝑊𝑠
 
where, 
 L - Length of shaft 
 Ws - Mass of shaft per unit length 
 
A widely available cardan shaft was selected for use in the system as it allows a slight 
amount of misalignment at both ends due to the use of universal joints. This type of shaft 
as a tubular kind of design and hence is required to be installed so that a certain amount of 
longitudinal movement is allowed to happen in the centre part in both directions.  
Also, it is critical that the driveline is well secured and guarded in such a way that if it fails it 
will not hit personnel in the engine room or damage any parts of the system. To avoid any 
such accidents personnel should not be allowed in the engine room when engine is 
running and under load.  
 
3.6.2 Calculations 
 
In the current setup a CENTA CX coupling is used to absorb torsional vibrations and a 
Hardy Spicer cardan shaft is used for connecting engine to dyno. The below design steps 
are based on the system currently installed in the lab 
 
Coupling specification: (from Centa [178]) 
 
Coupling: Centax CX-16-VFS-50-8 
Shore hardness = 50 
Nominal torque = 500 Nm 
Maximum torque = 1500 Nm 
Continuous vibratory torque = 125 Nm 
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Energy loss = 150 W 
Dynamin torsional stiffness = 3900 Nm/rad 
Relative damping = 1.4 
Flange = 8 inch 
Maximum speed = 4500 rpm 
Coupling inertia = 0.0639 kgm2 (primary side) + 0.0210 kgm2 (secondary side) = 0.0849 
kgm2  
Bush material = Natural rubber 
 
Engine specification: 
 
Engine: Peugeot 308 2.0 HDi SW 136 bhp 
Torque = 320 Nm @ 2000 rpm 
Power = 100 kW @ 4000 rpm 
Maximum speed = 4500 rpm 
Maximum bmep = 17.6 bar 
BMEP at idle (assumed) = 2 bar  [176] 
Bore = 85 mm 
Stroke = 88 mm 
Idle speed = 900 rpm – 1000 rpm 
Specific power = 0.33 kW/cm2 
Mean piston speed = 11.7 m/s 
Ratios = 160 Nm/L 
Engine inertia (no flywheel) = 0.05 kgm2 
Flywheel mass (SMF) = 13.9 kg 
Flywheel inertia (SMF) = 0.142 kgm2 
 
Driveshaft: (from Hardy Spicer [179]) 
 
Model: Hardy Spicer series 1410 
Stiffness = 37700 Nm/rad  
Inertia = 0.0079 kgm2  
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Dyno: (from Froude Hofmann [177]) 
 
Model: Froude Hofmann AG150 
Maximum power = 150 kW (200 bhp) 
Maximum speed = 8000 rpm 
Maximum torque = 500 Nm 
Stiffness = 0.17 M Nm/rad 
 
Configuration: 
 
Service factor = 4.5 [176] 
Design torque = 4.5 x 320 = 1440 Nm  
Ambient temperature = 40 degree C 
Adapter disc mass ((4140 HT Steel)) = 9.3 kg 
Adapter disc inertia (4140 HT Steel) = 0.083 kgm2  
Adapter disc inertia (7000 Aluminium) = 0.05 kgm2 (assumed) 
Coupling inertia (1410 flange) = 0.0849 kgm2 (from Centa) 
 
Stiffness of combined couplings (2x), Cc = 
1
1
𝐶1
+
1
𝐶2
 = 1950 Nm/rad 
 
 
 
Fig. 3.16:  Driveline assembly sketch 
 
Damping ratio (shore 50) = 0.45 [176] 
Dynamic magnifier, M (shore 50) = 10.5 
Dynamic magnifier for combined couplings, Mc = 
1
1
𝑀1
+
1
𝑀2
 = 7.4 
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Mean turning moment, Mmean = 𝑝𝑖 (
𝐵2×𝑆
16
)10−4 = 8 Nm 
P factor = 1.91 [177] 
Exciting torque, Tex = p x Mmean = 15 Nm/cylinder 
Total exciting torque, ∑Tex = 15 x 4 = 60 Nm 
 
Using HT Steel adapter discs: 
 
Total moment of inertia (engine side), Ie = 0.142 + 0.05 + 0.0849 + 0.083 = 0.36 kgm2 
Total moment of inertia (dyno side), Ie = 0.093 + 0.0079 + 0.0849 + 0.083 = 0.27 kgm2 
Critical frequency of torsional oscillation, nc = 
60
2𝜋
√
𝐶𝑐 (𝐼𝑒+𝐼𝑏)
𝐼𝑒× 𝐼𝑏
 = 1074 
 
Critical speed Nc = nc/2 = 537 rpm 
Vibratory torque, Tv = 
∑Tex ×𝑀𝑐
1+ 
𝐼𝑒
𝐼𝑏
⁄
 = ± 190 Nm (>125 Nm) 
Value of Tv obtained above is greater than the rated continuous vibratory for the couplings, 
which is 125 Nm. This will happen at the critical speed and so it is advised to run the 
engine quickly through the critical speed, which is at 600 rpm. 
Alternatively, use SBR bushes instead of natural rubber bushes in the coupling to get 
dynamic magnifier value of 2.7. 
Resultant Mc = 1.35 
Vibratory torque, Tv = 
∑Tex ×𝑀𝑐
1+ 
𝐼𝑒
𝐼𝑏
⁄
 = ± 34.7 Nm (<125 Nm) 
Using Aluminium adapter discs: 
 
Total moment of inertia (engine side), Ie = 0.142 + 0.05 + 0.0849 + 0.05 = 0.327 kgm2 
Total moment of inertia (dyno side), Ie = 0.093 + 0.0079 + 0.0849 + 0.05 = 0.236 kgm2 
Critical frequency of torsional oscillation, nc = 
60
2𝜋
√
𝐶𝑐 (𝐼𝑒+𝐼𝑏)
𝐼𝑒× 𝐼𝑏
 = 1140 
Critical speed Nc = nc/2 = 570 rpm 
Vibratory torque, Tv = 
∑Tex ×𝑀𝑐
1+ 
𝐼𝑒
𝐼𝑏
⁄
 = ± 186 Nm (>125 Nm) 
Value of Tv obtained above is greater than the rated continuous vibratory for the couplings, 
which is 125 Nm. This will happen at the critical speed and so it is advised to run the 
engine quickly through the critical speed, which is at 600 rpm. 
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Alternatively, use SBR bushes instead of natural rubber bushes in the coupling to get 
dynamic magnifier value of 2.7. 
Resultant Mc = 1.35 
Vibratory torque, Tv = 
∑Tex ×𝑀𝑐
1+ 
𝐼𝑒
𝐼𝑏
⁄
 = ± 33.95 Nm (<125 Nm) 
 
The 3D model of driveline assembly designed from above is shown in figure 3.16 
 
 
Fig. 3.17:  Driveline configuration 3D drawing 
 
3.7 Design of engine mounts 
 
Mounts for engine are equally important as driveline for a safe engine-dyno system. 
Excessive vibrations from the engine is transmitted to dyno can damage bearings and can 
also bring the system out of alignment eventually leading to driveline failure. The six 
degrees of freedom mentioned earlier in this section need to be damped to keep vibrations 
transferred to the surroundings within manageable limits. For the current setup two fails-
safe type polyflex mounts are used and the selection of this setup is discussed below. 
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Fig. 3.18:  Poly Flex failsafe engine mount [180] 
 
Assumptions: 
 
Mass of engine = 150 kg 
Nature of mass distribution in current setup = Equally distributed across the mounts 
Maximum speed at which engine will be operated = 4500 rpm 
New mounts will be used only at the flywheel end. Mountings at the timing belt end will be 
kept the same as taken from the vehicle. 
Stiffness value of the preserved mounts is same as the stiffness of new polyflex mounts 
Isolation required = 90% 
Transmissibility = 0.10 
Preferred engine mount supplier = Polyflex 
Preferred type of mount = Interlocked mounts 
Number of cylinders = 4 
Maximum engine torque = 320 Nm 
Maximum engine speed = 4500 rpm 
Engine idle speed = 900 – 1000 rpm 
Number of mounts in total = 4 
Number of interlocked mounts to be used = 2 
Weight taken by each mount = 150/4 = 37.5 kg 
From Polyflex catalogue [181]; 
For safety reasons, selecting P#4.5CTF60-15-16 mount; 
Duro/shore hardness = 60 
Load for 60 shore mount to deflect 5mm = 180 kg 
Deflection (static) = 5 mm 
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Maximum possible height = 110 mm 
Stiffness, 𝑘 =
𝑚.𝑔
𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛
 
= (180 x 9.81)/5 = 353.16 N/mm 
Effective stiffness, ke = 88290 N/m 
For a 4 cycle engine, 
Disturbing frequency, 𝑓𝑑 =
𝑠𝑝𝑒𝑒𝑑 𝑥 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟𝑠
2
 
= (4500 x 4)/2 = 9000 rpm = 150 Hz 
Lowest frequency = (900 x 4)/2 = 1800 rpm = 30 Hz 
Natural frequency, 𝑓𝑛 =  
1
2𝜋
√
𝑘𝑒
𝑚
 
= 3.86 Hz = 231.8 rpm 
Design safety check: 
Minimum speed of system > 3 x Natural frequency 
900 > 695.38 
Thus the above mount design is found to be sufficient to setup the engine system. 
Static deflection = 
𝑔
2𝜋𝑓𝑛
2 
= 16.44 mm 
Actual deflection of mounts = (5 x 37.5)/180 
= 1.04 mm 
 
 
Fig. 3.19:  Engine rear mounts installed 
Engine mount 
Driveline 
case 
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3.8 Exhaust gas sampling system 
 
A remote controlled exhaust gas sampling system is developed so that operators can 
choose which gas sample they want to analyse using analysers. The system is as shown 
in figure 3.20. Four pneumatic controlled EGR valves are installed in the sampling system 
and vacuum to these valves are controlled using solenoid valves. These solenoid valves 
are wired into the dyno control system in a way that the operators can choose which gas 
sample he want to analyse without entering the engine room.  
 
 
 
Fig. 3.20:  Exhaust gas sampling system 
 
3.9 Laboratory ventilation system 
 
Ventilation system for engine test cells are critical to keep equipment’s safe by cooling 
them and to avoid accidents due to leak of combustible materials by pushing air out of lab. 
This is achieved by confirming adequate amount of air flow through the system using 
vapour purge systems as discussed in this section.  In the test cell ventilation system is 
designed in a way that the room is below ambient pressure (up to 50 Pa), by which it 
ensures no exhaust fume gases are trapped inside the system. This makes the system a 
Vacuum valve 
Sampling tube 
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safe work place for personnel and also guarantee that chances of explosion due to leaks 
are minimal.  
 
DME is a highly volatile fuel and hence requires purge fans to prevent HC getting trapped 
inside the cell to cause an explosion. In the current setup 3 fans; 2 for inlet air supply and 
1 for exhaust air are used with variable speed drives (VSD). All the fans are explosion 
rated so that they can move gases or air rich inflammable gases without risk of fire or 
explosion. These fans can move a lot of air in short period of time that the test facility will 
be kept under atmospheric condition to prevent any build-up of gases inside the room. 
Before entering the engine room the purge fans are required to be running to make sure 
no exhaust gases are trapped in the cell that will be at toxic levels for humans. At first 
start-up the purge fans are required to run for about 5 minutes to completely vent the room 
and bring it to safe levels, and during shutdown all the fans will run at full speed for 20 
minutes to completely evacuate the room.  
 
Gas detection system in the test facility is connected to the fan controls so that at the 
event of a fire exhaust fans will run at full speed while intake fans will be shutoff so that no 
air is supplied to the room and any gas leaked in to the room is vented out in the shortest 
possible time. The test cell is designed in such a way that power supply to the engine 
room and control room will not be active until the fans are operation with required amount 
of flow measured at the exhaust system. If the engine room door is kept open for more 
than a few seconds, the vacuum design property of the engine room will be affected, 
triggering alarms and bringing fans to full speed until flow is detected to be within safe 
limits at the exhaust.  
 
A low-level inlet high-level ducted system as shown in figure 3.21 is implemented in the 
test cell.   
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Fig. 3.21:  Exhaust gas sampling system [176] 
 
 
 
Fig. 3.22:  Ventilation system low-level intake fans 
 
Inlet ducts 
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Fig. 3.23:  Ventilation system high-level exhaust fan ducts on wall  
 
3.10 Fuel supply system 
 
There are two fuel supply systems setup in the AFCL facility; one for liquid fuels and 
another for gaseous fuels. The liquid fuels system is the easiest part as it resembles the 
common setup as in an automobile, while the gaseous fuel system is more complex in 
nature due to the risks involved in setting up the system and necessary safety standards 
that need to be met. Figure 3.24 shows fuel system layout for the lab. 
 
Exhaust ducts 
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Fig. 3.24:  Diesel and DME system layout of AFCL                                                   
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3.10.1 Liquid fuel system 
 
The liquid fuel system used in the lab resembles that seen in an automobile. A 20L SS fuel 
tank is mounted on a precision electronic weighing scale outside the lab to feed fuel to the 
system and to measure fuel consumption. All the connections were done using Swagelok 
tubes and fittings to ensure quality and safe setup. Gravity method of fuel flow was 
implemented in the system to feed fuel from tank to the engine. A pneumatic flow control 
solenoid valve was installed in the fuel line to activate or deactivate fuel flow to the test 
cell, which is wired to the emergency stop system. A software control is setup in the dyno 
control system so that the pneumatic valve can be opened and closed by operator. For 
testing purpose fuel can be added to the tank by volume or mass basis. During the tests 
fuel was added to system in volume basis as that was more accurate and easier to do in 
the current setup. 
 
 
Fig. 3.25:  Diesel and DME fuel lines in AFCL                                                   
 
Fuel filter system is kept the same as that came with the engine. A Delphi high pressure 
fuel pump was used for feeding fuel to the common rail of the engine. The pump is driven 
by cam-shaft of the engine and has a fuel temperature sensor and a pressure regulator 
solenoid valve inbuilt on it. The common rail system has a pressure sensor that will send 
signals to the ECU to monitor real time fuel pressure inside the rail. A set of 4 piezo 
Liquid fuel supply 
Liquid fuel return 
DME supply 
DME return 
Pressure gauges 
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electric Delphi injectors were used for injecting fuel to the system. Readings from the 
weighing scale are logged in real time to the dyno system to estimate fuel consumption. 
 
3.10.2 DME fuel system 
 
DME fuel system is quite different to the diesel fuel system and is quite complex to set up. 
DME is a liquid when compressed to above 0.5 MPa, but turns to gas under atmospheric 
conditions. For the engine to perform well and for the fuel injection system to inject DME 
properly to the cylinder DME must be supplied as a liquid under pressure to the high 
pressure fuel pump and to the combustion chamber. For this reason all the fuel lines used 
for DME system are to be high pressure rated, low resistance type with smooth bends, and 
leak tests are carried out frequently to make check connections. Any new installation or 
modifications to existing system must be audited by a competent gas fitter to confirm 
system is safe to use. Also, the supply pressure of DME must be higher than the 
saturation vapour pressure at the operating temperature to prevent vapour lock inside the 
fuel lines. If vapour locking occur, install fuel coolers to cool DME to reduce pressure and 
install a venting line to atmosphere that can be used to remove vapour locks by venting 
DME until liquid DME comes out of tube. For this reason it is important that DME be kept 
at low temperatures that it does not expand as otherwise will be required to compress 
more to feed it to the fuel pump as liquid.  
 
3.10.2.1 High pressure fuel pump 
 
To supply fuel to the common rail in the engine a high pressure fuel pump is used. In this 
thesis the original Delphi diesel high pressure pump was modified with high pressure rated 
DME compatible seals and o-rings to adapt it for use with DME. Special high pressure 
rated shaft seals (rated up to 130 bar) were manufactured for the fuel pump and installed 
to replace the original diesel pump seals. O-rings were replaced with DME compatible 
HNBR parts. The operating pressure of fuel pump was brought down to 600 bar as 
mentioned in most of DME studies for operation of the system. This was controlled using 
pressure regulator in the fuel pump which is connected to the ECU.  
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3.10.2.2 Low pressure fuel pump 
 
A low pressure fuel pump is used in the supply line to compress DME to pressures up to 
15 bar to prevent vapour lock in the system. The low pressure pump used is a Weldon 
D2015-A pump, which was modified by replacing seals and o-rings with DME compatible 
parts for use in the system. The pressure differential across the pump will be 
approximately 5 to 10 bar depending on operating condition of the system. This pump is 
run by high current power supply, which is controlled via dyno control system and is 
connected to the emergency shutdown system. This electronic pump eliminates the need 
to use nitrogen tank in DME system and helps to control the system more efficiently. 
 
 
Fig. 3.26:  Low pressure Weldon pump installed in DME system 
 
3.10.2.3 Fuel cooling system 
 
A fuel cooling system was implemented for the DME system to cool down the return fuel 
from the engine before it is fed back to the DME tank located outside the lab. A coil of SS 
tube immersed in water bath is the cooling system implemented for this thesis. Under load 
conditions the fuel tank pressure increased up to 10 bar and stabilized for the entire 
duration of operation. The safety valve set pressure of tank is 25 bar and hence the 
system was operating within safe limits. Temperature of fuel returning to the tank was 
observed to be around 45oC.  
Weldon LP 
pump 
Pressure 
regulator 
Relief 
valve 
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Fig. 3.27:  Return DME water bath for fuel cooling 
 
3.10.2.4 Additive insertion system 
 
An additive insertion system was used in the DME system to mix lubrication additive 
efficiently with DME. A Swagelok sample cylinder rated to high pressures was chosen for 
the setup. Additives in the range of 1000 ppm was added to the system during these tests.  
 
 
DME return 
cooling bath 
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3.10.2.5 Fuel tanks 
 
DME is supplied in a 250 L tank which is stored in the engine fuel area. From this tank fuel 
is transferred to the small 80L LPG tank via additive insertion bottle. This 80L tank is 
mounted on a precision electronic weighing scale which continuously logs fuel 
consumption data to the dyno control system as performed in liquid fuel system. The 
safety valve in the 80L tank is set to 25 bar at 60oC and hence care should be taken not to 
exceed this pressure when using with compressed fluids.  
 
 
 
Fig. 3.28: DME 250L supply tank and 80L tank 
 
3.11 Combustion analyzer 
 
Combustion analysis during testing is important to study combustion properties of various 
fuel tested. For this a d2t OSIRIS Evolution 3 combustion analyzer was used in the 
system, which is connected to a PC in the control room for real-time viewing of combustion 
parameters [181]. An in-cylinder pressure sensor is installed in the reference cylinder of 
the engine for pressure measurement which has a resolution of 0.5 CA. The sensor is 
DME tank 
(80L) 
DME supply tank 
(250L) 
Weighing scale 
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mounted in glow plug port using a special adapter. The piezo sensor (model GH13P) and 
adapter for the system was supplied by AVL. Sensor specifications are as given in table 
below. 
 
 
Fig. 3.29:  AVL GH13P in-cylinder pressure sensor 
 
Table 3.3:  
AVL sensor properties 
 
Parameters Value 
Measuring range 0 – 250 bar 
Sensitivity 16 pC/bar 
Linearity ± 0.3% 
Cyclic temperature drift ± 0.5 bar 
Operating temperature -40 – 400 oC 
Load change drift 1 mbar/ms 
Thermo shock error ± 0.3 bar 
 
 
Crank angle signal for synchronizing data log with dyno is taken from the Valeo crank 
angle sensor installed in the engine. An angle gap of -0.7 CA was set for the system as 
normally seen in PSA engines for geometrical TDC position. TDC crank angle position of 
the reference cylinder was found to be at 140.5 CA using a pure motoring cycle 
thermodynamic calibration process as suggested by d2t. Thermodynamic calibration was 
done at 2000 rpm and the exercise was repeated multiple times to confirm TDC correction. 
Signal from pressure sensor is filtered, conditioned and amplified using a charge amplifier 
supplied by d2t before sending it to the OSIRIS module. During testing data was logged 
into the system using special software supplied by d2t, which was later processed to 
obtain combustion properties of various fuels and engine performance.  
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Fig. 3.30:  d2t ACPM and OSIRIS modules 
 
3.12 Fuel handling and storage 
 
Fuel handling in the lab is restricted to trained operators only and required to be carried 
out with reference to the standard operating procedure (SOP) for fuel transfer. Relevant 
legislations in the country related to liquid and gaseous fuels handling and storage must be 
followed during this process.  
 
3.12.1 Liquid fuel handling and storage 
 
Liquid fuel transfer is easier as compared to gaseous fuels and is normally carried out by 
emptying fuel jerry cans to the supply tank on volume basis. Fuel spill are to be avoided 
during fuel transfer and in case if there is a spill, a spill station is arranged in the lab that 
can be used to contain any spills. No naked flames or ignition sources are allowed in the 
vicinity of fuel handling area to avoid risk of fire. Also, engine is required to be shut down 
during this process to comply with SOP of the process.  
Fuel storage in the university is only allowed for minimal quantity and hence no more than 
250L will be stored in the lab at a time. The fuel store is located remote to the lab area due 
to risks involved in storing it close to ignition sources. A fuel store cabinet that meets 
Australian standards AS1940:2004 for storage and handling of flammable and combustible 
liquids are setup in the store room and fuel is stored in the cabinet in jerry cans. The 
cabinet is capable of containing any liquid fuel spills and hence the task is well managed 
and controlled.  
Combustion 
analyser modules 
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3.12.2 DME handling and storage 
 
DME handling in Australia is as per AS/NZS 1596:2008 standards corresponding to LPG. 
DME is supplied by supplier in a 250L tank, which is stored in an open are with no roof to 
allow any leaked gas to escape to atmosphere as quickly as possible. DME being non-
toxic does not require any PPE apart from goggles to be used. When venting operator 
should be aware of the pressure cylinder is sitting at based on the then atmospheric 
temperature. Slow venting of DME to atmosphere to release pressure to transfer fuel from 
supplier tank to lab supply tank is essential to transfer fuel as otherwise fuel will stop 
flowing once pressure in the donor and receiver tanks are stabilized. Unlike LPG, DME is 
odorless and hence care should be taken to avoid any leaks.  
Based on experience it is ideal to store DME tank in a cooler place than under direct 
sunlight as increase in temperature will increase pressure inside the tank. Also, the return 
fuel from engine is usually quite hot and hence a good fuel cooler system is important to 
be used prior to returning fuel back to tank. Also, it is better to get higher pressure rated 
tanks and safety valves when using DME as pressures in the range of 10-15 bar will be 
easily reached in the DME tank during normal operation.  
 
3.13 EGR control system 
 
Exhaust gas recirculation systems are widely used in diesel engines these days for control 
of NOx emissions. The system uses a valve that is either pneumatic or electric controlled 
to open and allow exhaust gas from exit manifold to be diverted to the air intake port. The 
duration and lift of this valve is controlled by ECU in automobiles based on data from EGR 
control maps. In modern day engines a choice of sensors like lambda sensor, oxygen 
sensor, pressure sensor etc. can be used as a feedback for the ECU to select correct EGR 
valve operation.  
In the current setup an existing EGR valve on the engine is modified to install an electric 
driver and potentiometer to manually operate the valve. It was essential to control EGR 
valve manually so that the valve can be operated and will by the operator to study how 
EGR ratios at various operating conditions affect emissions and performance of an engine. 
The system is connected to a motor driver, which is connected to a computer located 
inside the control room from where operator can adjust position of valve electronically. A 
special driver software was used to operate the PID circuit to operate the valve.  
 
Chapter 3 
 
3-44 
 
3.13.1 EGR measurement 
 
As the EGR valve is manually operated it is important to know the actual EGR ratio 
corresponding to various valve openings. For this monitoring of CO2 concentration at the 
exhaust manifold using gas analyzers is used. 
EGR rate can be calculated by the following equation, 
 
%𝐸𝐺𝑅 =
?̇?𝑓
?̇?𝑓 + ?̇?𝑒
 
where, 
 ?̇?𝑓 - Mass flowrate of fresh air 
?̇?𝑒 - Mass flowrate of recirculated exhaust air 
 
3.13.2 PID circuit driver control 
 
A PID circuit is used to control the EGR valve operation. A PID circuit involves a signal, 
positive and ground connection to the driver motor. Motor input voltage of the valve is 
adjusted using software to drive the motor and the valve is held in a position unless the 
value is changed or motor is stopped. So, the torque or force the motor can apply is very 
important when selecting motor as the valves will experience high gas pressure when 
installed at the exhaust manifold. Integral and differential functions need to be applied to 
dampen the valve when it becomes unstable due to pulsing nature of gas from exhaust 
manifold.  The whole process of controlling EGR motor is quite hard that an operator need 
to work on this system alone during tests. A potentiometer connected to the motor rotor 
will give feedback on the current position of valve.  
 
3.14 Gaseous emissions measurement 
 
Emissions from an engine are classified as regulated emissions and non-regulated 
emissions. Emissions like C), HC and NOx are termed as regulated emissions. Other 
emissions from combustion includes CO2, water vapor, SOx etc.  
 
Reason for NOx generation is due to high in-cylinder temperature during combustion. NOx 
is basically composed of two components; NO and NO2. Among them NO is a colorless 
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and odorless gas, while NO2 is a reddish-brown gas with irritating odour [183]. NOx if 
inhaled above a certain concentration (200 ppm) will lead to health risks and respiratory 
issues [184]. SOx emissions are controlled to a great extend over these years by reducing 
sulphur content in fuels. Currently NOx emissions is considered as the major threat among 
gaseous emissions as they are ozone precursors and hence play a critical role in 
generating photochemical smog [185]. NOx formation can be described using well know 
Zeldovich mechanism [186], 
𝑂 + 𝑁2 ↔ 𝑁𝑂 + 𝑁 
𝑁 + 𝑂2 ↔ 𝑁𝑂 + 𝑂 
𝑁 + 𝑂𝐻 ↔ 𝑁𝑂 + 𝐻 
All the above 3 reactions are temperature sensitive. The forward reactions happen only 
when in-cylinder temperature reaches over 1700 oC [187]. Hydroperoxyl radical (HO2 also 
contributes towards NO2 formation as described in the equation below; 
𝑁𝑂 + 𝐻𝑂2 ↔ 𝑁𝑂2 + 𝑂𝐻 
 CO and HC emissions in diesel combustion is produced due to incomplete combustion 
under low exhaust gas temperatures. CO is a colorless and odorless gas, highly toxic if 
exposed to concentration over 1%. The main factor that regulates formation of CO in an IC 
engine is the air-fuel ratio. Lower oxygen concentration will lead to formation of HC and 
CO as there is deficiency of oxygen to completely oxidize C to CO2. Apart from fuel rich 
conditions, crevices in combustion chamber leading to quench areas also contribute 
towards HC emissions. Unlike CO emissions HC emissions carry an irritating odor and is 
also carcinogenic due to its benzene and formaldehyde composition. 
Unregulated emissions like SO2 is occurring due to oxidation of sulphur content in fuel and 
lubrication oil. SO2 is a colourless gas with irritating odour and can cause respiratory 
issues. Oxidation of SO2 to form SO3 can happen due to use of oxidation catalysts when 
used to control CO emissions. This can possibly lead to chemical reaction between SO3 
and H2O to produce sulphuric acid aerosol (H2SO4).  
3.14.1: Raw exhaust gas measurement 
For this study exhaust gas was collected from exhaust manifold of the engine. A high 
temperature rated steel pipe was connected to the modified exhaust manifold of engine 
and the gas was drawn through the sampling system to send to various analyzers. A 
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Horiba Mexa 584L gas analyzer was used to measure raw exhaust gas emissions from the 
engine. Horiba analyzer uses NDIR (non-dispersive infrared) technique and carbon 
balance method to measure CO, HC, CO2, NOx, AFR, Lambda, oil temperature. A Sable 
CA-10 CO2 gas analyzer was used to measure diluted CO2 concentration, which can be 
used to calculated dilution ratio. The CA-10 analyzer used dual wavelength NDIR 
technique for measurement and has a resolution of 1 ppm and response time of 0.5 
seconds. 
 
3.15 PM emissions measurement 
Of all the various emissions from a diesel engine PM emissions is the most dangerous and 
hard to control. PM emissions in atmosphere was found to contribute towards 
cardiovascular and respiratory mortality and morbidity [188]. In the current lab setup the 
raw exhaust emissions were diluted to reduce particle number concentration and 
temperature before feeding it to the PM measurement instruments. This study is mainly 
interested in ultra-fine PM (UFPM) emissions from engine when using different fuels and 
hence will include nucleation mode (NM) particles and accumulation mode (AM) particles. 
UFPM range is considered to be from 5 nm to 100 nm, whereas NM range is from 5 to 50 
nm and AM range is from 50 nm to 1000 nm.  
Nucleation mode is a gas-to-particle conversion process in exhaust emission. This occurs 
depending on the saturation of nucleation species present. For NM particles saturation 
ratio (Sr) can be given by [189], 
𝑆𝑟 =  
𝑃𝑎
𝑃𝑎
𝑠(𝑇)
 
Where, 
 Pa - Vapour pressure of the substance 
𝑃𝑎
𝑠(𝑇) - Temperature dependent saturated vapour pressure of substance  
A DMS500 MkII fast particulate measurement device was used during this study to 
measure particle number concentration. This instrument uses electrical mobility 
measurement of particles with the help of sensitive electrometer detectors. Output from the 
instrument included particle size, particle count and mass concentration and it has a fast 
response time of 200 ms. The device has inbuilt two-stage dilution system that can be 
Chapter 3 
 
3-47 
 
used when measuring emissions without diluter setup. The data acquisition system of 
DMS500 can discriminate nucleation and accumulation modes in real time. A primary 
dilution ratio of 4 and secondary dilution ratio of 200 was used for the inbuilt diluters in 
DMS500.  
A Dustrak II aerosol monitor 8530 was used for measuring PM concentration in the 
system. Sample line to the instrument was diluted using a single stage Dekati diluter setup 
for DME testing and a 2 stage diluter setup for liquid fuels. Measurement range of Dustrak 
is from 0.001 to 400 mg/m3. This equipment is capable of doing in-line gravimetric analysis 
of custom reference calibrations and has a resolution of 0.001 mg/m3.  
 
3.16 Laboratory AV system 
As discussed earlier in the report operator of the lab is not allowed to access engine room 
when engine is running and under load. However, viewing the room real-time is critical to 
monitor the condition of the system, risk of accident etc. and hence an AV system was 
installed and wired to the control room. Cameras were setup at various angles to watch 
potentially risk parts of the engine and is recorded for future use if an incident happens. In 
any test cell view of engine system when it is running is critical and from this setup it was 
found that the AV method of viewing the system is better and safer when compared to 
using a window to watch the room from control room or entering the room when engine is 
on load. 
 
3.17 Fuel properties 
 
Cetane number of DME (>55) is higher than that of diesel (46-55) and for this reason it can 
be auto-ignited easily as compared to diesel and most other biodiesels. From experimental 
investigations researchers have estimated a cetane number of 68 for DME [115, 191, 192].  
Elastic modulus of DME is considerably low and so DME fuel pump needs higher 
compression work to feed fuel [111, 135]. Critical parameters of DME are reported to be Tc 
= 400 K approx., Pc = 5340 kPa, and ρc = 270 kg/m3 [112, 113].  In a compression ignition 
engine the air temperature at the end of combustion is higher than the critical temperature 
of DME and so the fuel once injected will exist in superheated vapour phase. Due to the 
lower heating value of DME (28.8 MJ/kg) as compared to diesel (42.5 MJ/kg), the engine 
requires almost double the amount of DME supplied to achieve similar performance 
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characteristics as that of diesel system. This can be achieved by a variety of methods 
including increasing nozzle hole dimensions to increase fuel flow, increasing energizing 
duration of fuel injectors upto 37% above normal rate etc [9]. 
 
NOx emission from DME is much lower than that from diesel due to the higher latent heat 
of DME (467.13 kJ/kg at -20o) as compared to diesel (300 kJ/kg) [40], which will help to 
drop the in-cylinder temperature by heat absorption during vaporization. Absence of 
carbon-carbon bond in its chemical structure helps to reduce soot emissions during 
combustion, but the same affects lubrication property of the fuel leading to wear and tear 
of moving parts that comes in contact with the fuel [29, 193, 194]. Oxygen rich fuel 
property of DME also helps to reduce PM as the absence of C-C bond inhibits the 
formation of PM and cause high oxidation of particulates [195-197]. The low viscosity and 
density of DME possess fuel handling issues. Kinematic viscosity and dynamic viscosity of 
pure DME was measured to be 0.185 cSt and 0.122 cP at 25oC and 5 bar pressure [198].  
 
Use of DME in diesel engine requires use of fuel additives to overcome issues due to lack 
of lubrication, low viscosity and density. Commonly used additives include Lubrizol, diesel, 
soybean oil, ethyl H4140, ethyl H580 etc. Several studies on using additives found that 
even after blending them with DME the blend does not seem to improve the lubrication 
properties significantly and so still cause wear and tear on moving parts [198, 199]. 
Additive concentration used for study is 1000 ppm. Both the additives are obtained from 
different sources to make sure they do not have similar characteristics. Details of the 
additives are not included in the paper due to the confidentiality agreement existing 
between the research group and additive suppliers. Hence, this study will mention 
additives as Additive 1 (A1) and Additive 2 (A2) for discussion. Also, DME has a 
disadvantage of dissolving most of the organic substances, which will influence selection 
of sealing and O-rings for use in DME fuel system [189]. Materials made of Buna-n, Teflon, 
PTFE, FFKM etc. are found to be relatively stable with DME as compared to natural rubber 
products.  
 
From the very first use of peanut oil as fuel by Rudolph Diesel on 1893 in Germany, 
several studies were carried out about the suitability to use vegetable oil as biodiesel [200, 
201]. The performance and emissions from biodiesels are also influenced by the quality of 
biodiesel, which necessitates the fuel to be processed and treated thoroughly before use 
[202-204]. 
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Cooking oil can be obtained from any cooking sources, which on frying will undergo 
physical as well as chemical changes including production of undesirable compounds. 
These will affect the performance and use of WCO when used as a biodiesel [205, 206]. In 
a broad sense WCO can either be methanol derived or ethanol derived, with both these 
categories performing differently in terms of emissions and performance [207]. WCO or 
unused cooking oil (UCO) will need to undergo filtering, trans-esterification and boiling (if 
water is present) to produce usable biodiesel [208]. Use of WCO and diesel blends 
showed contradicting results in terms of soot emissions. Also, a decrease in HC and CO 
emissions and increase in NOx, CO2, and specific fuel consumption (SFC) was observed 
for these blends [209-215]. Use of 100% WCO in diesel engines was studied by several 
people and the results obtained on gaseous emissions were contradicting with some 
studies found rise in NOx emissions [216-218], while others observed a drop in NOx [219, 
220]. However, most of the studies so far on pure WCO combustion observed a drop in 
CO, HC, and soot emissions and slight increase in CO2 emissions [221], while Hamasaki 
et al. [222] reported an increase in CO and HC due to the higher amount of hydro-peroxide 
presence in the biodiesel. In general, the increase in NOx when WCO is blended with 
diesel could be due to the excess oxygen presence in WCO, whereas the rise in HC, CO 
and smoke opacity of WCO-diesel blend could be a result of the higher biodiesel density, 
viscosity and acid number when compared to diesel [221].  
 
Cotton seed oil (CSO) is non-edible oil and for this reason CSO can be mass produced 
and used for biodiesel production without any issues regarding using food products for 
fuel. CSO is an environmentally safe by-product of cotton tree and is extracted from seeds 
of different species of cotton plants including Gossypium hirsutum and Gossypium 
herbaceum [223]. A comparison of properties of DME, CSO and fossil diesel is given in 
Table 3.1. The closeness of CSO properties with fossil diesel supports its usage as diesel 
alternative. The higher flash point of CSO helps with safe transportation and handling of 
CSO. 
 
When used as pure CSO biofuel, the higher viscosity and subsequent poor mixture 
formation of CSO can result in lower brake thermal efficiency due to slow combustion rate 
and heat release rate. Studies have showed that this reduced or incomplete combustion is 
the reason for increased smoke and CO emissions from pure CSO combustion. The inherent 
higher viscosity of CSO can be improved by preheating of CSO or by blending it with fossil 
diesel [224]. In pure form CSO needs to be preheated to 110 oC to make the viscosity closer 
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to that of diesel, while when blended with fossil diesel can help to drop preheating 
temperature.  
 
Butanol is a promising alternative fuel or fuel additive for diesel and has good mixing 
properties with diesel as compared with other biofuels. Several studies have been 
conducted in butanol-diesel blend combustion, performance and emissions properties [225-
234]. These studies have shown a strong dependency of butanol concentration on exhaust 
emissions. Studies by Rakopoulos et al. [226] showed that increase in butanol concentration 
decreased exhaust gas temperature, smoke density, NOx and CO emissions, but HC 
emissions, BSFC and BTE increased  when compared to diesel.  
 
Table 3.4:  
Fuel properties compared 
Fuel property 
Test 
method 
Unit 
DME CSO WCO Biodiesel 
Standard 
ASTM 
6751-12 
Butanol ULSD 
CN DIN 51773 - 56 87 58.6 47 min 25 53.3 
Kinematic 
viscosity @40C 
ASTM 
D445 
mm2/s 0.185 4.17 4.82 1.9-6.0 2.63 2.64 
Density @15C ASTM 
D4052 
kg/L 0.668 0.88 0.87 0.86-
0.90 
0.811 0.84 
HV 
 
- MJ/kg 28.8 39.73 39.9 - 33.1 44.0 
 
Acid value ASTM 
D974 
mg 
KOH/g 
-  - 0.5 max 0.0007 0.0 
Flash point  ASTM D93 ○C -41 210 ≥180 130 37 75 
Sulfur content ASTM 
D7039 
mg/kg - - - 15max - 5.9 
cloud point IP 309 ○C - - - report - 4.0 
Lubricity @○60 IP 405 mm - - - - - 0.406 
water sediment 
 
ASTM 
D2709 
vol% - - - 0.005%  0.022 - 
Oxygen content - Wt% 34.8 10.91 10.93 - 21.57 - 
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3.18 Summary 
 
This chapter discussed in brief the experimental setup done for the thesis. As evident from 
the discussions safety of personnel was given highest priority requiring implementation of 
sophisticated control systems to mitigate risks. Several engineering challenges were faced 
during the setup which includes driveline design, failsafe mounts, ECU setup, ventilation 
etc. To avoid any risks of damage to the system during test runs speed of the engine was 
limited to a maximum of 2000 rpm and detuned performance was utilised. Normal practice 
of modifying the fuel system to supply increased amount of DME to overcome LHV 
property of fuel was also avoided. The system developed during this thesis can be used in 
the future for studies on liquid and gaseous fuels. 
 
Table continues….. 
Hydrogen 
content 
- Wt% 13 11.94 12.21 - 13.59 - 
Carbon content - Wt% 52.2 77.15 76.93 - 64.82 - 
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CHAPTER 4: Effect of exhaust gas recirculation on particulate matter 
number emissions from combustion of various alternative diesel fuels 
in a common rail diesel engine 
 
This chapter discusses the effect of exhaust gas recirculation on particulate matter number 
emissions from combustion of DME and compare it with that of ULSD and alternative 
diesel fuels including WCO, CSO and BUT. The chapter is taken directly from the draft 
version of original journal article prepared and currently under revision by the author under 
the title “Effect of exhaust gas recirculation on particulate matter number emissions from 
combustion of various alternative diesel fuels in a common rail diesel engine”.  
 
Abstract  
 
Alternative fuels can potentially meet future energy demand while minimizing environmental 
impacts, and exhaust gas recirculation is widely applied to reduce NOx emissions which 
would increase the particulate mass emissions due to the trade-off effect. However there 
are limited data on the trade-off effect for various alternative fuels and so far there are no 
data reported on the particulate matter number emissions. A series of experimental 
investigations were carried out in this work on the combustion of dimethyl ether (DME), 
normal diesel, and 20% blends of cotton seed oil (CSO), waste cook oil (WCO) and butanol 
(BUT) in a common rail diesel engine to study the effect of gas recirculation on gaseous and 
particulate matter (PM) emissions including mass and number emissions. The results 
showed that the patterns of in-cylinder pressure, temperature, and heat release rate were 
similar for all the fuels. On comparison DME showed significantly low NOx and PM mass 
concentration as compared to the other fuels tested, however significantly higher PM 
number concentration than other fuels was observed. Increase in EGR was found to 
decrease NOx significantly but increased PM mass concentration for diesel and biodiesel 
fuels, consistent with literature data. The PM number is also increased with the PM mass. 
However DME did not seem to follow the NOx-PM trade-off relationship and it was observed 
that all the PM from DME combustion is in nucleation mode while the PM from the 
combustion of other fuels is mainly in accumulation mode.   
Keywords  
Dimethyl ether, Cotton seed oil, waste cooking oil, butanol, exhaust gas recirculation, NOx, 
PM  
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4.1 Introduction 
 
Increasing population and related growth in use of vehicles and industries around the 
world have tremendously increased fossil fuel consumption. Result of this increased fuel 
consumption was higher fuel price and depletion of traditional fossil fuel resource. 
Moreover, fossil fuels were found to contribute significantly towards greenhouse gas 
emissions, which these days require expensive techniques to control it. Over the last few 
years use of fossil fuel alternatives were considered as a possible option to reduce 
dependency on fossil fuels and control emissions[189, 190]. Most of the countries around 
the world have some source that can be utilised to produce alternate fuels, which includes 
beans, algae, tree nuts, flowers etc. This will help to reduce importing of fossil fuels by 
blending such alternate fuels with normal diesel and thus supporting domestic economy. 
 
There is a vast range of alternate fuels that can be used in IC engines without significant 
modifications required on existing setup. Some of the prominent alternate fuels studied 
around the world includes waste cooking oil (WCO), cotton seed oil (CSO), rape-seed oil 
(RSO), butanol (BUT), dimethyl ether (DME) etc. Production and use of these fuels will 
depend on their domestic availability, production cost, compatibility with existing fuel 
systems etc. Based on studies so far use of alternate fuels does not seem to affect the 
performance significantly, but reduce emissions dramatically. An example is the 
significantly lower PM and gaseous emissions by DME as compared to normal diesel and 
many other biofuels.  
 
Studies so far on EGR techniques have proven that there is a trade-off relationship 
existing between NOx and PM. However, for DME combustion no PM emissions were 
reported so far from any studies conducted on the fuel. Newly introduced Euro 6 emission 
norms apply strict control on PM emissions, particularly UFPM number concentration. So, 
this study will investigate UFPM emissions from DME combustion and clarify the effect of 
EGR on PM number concentration for DME and various promising alternate fuels. Figure 
3.3 shows the experimental setup used for this study and table 3.1 shows the engine 
configuration. Properties of the test fuels are discussed in section 3.17 and table 3.4.  
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4.2 Experimental setup and procedure 
 
A four-cylinder common rail turbo diesel engine is used for this study connected to an eddy 
current dynamometer to load the engine. An aftermarket engine control unit (ECU) and 
injector driver module (IDM) was used to control the engine operations. Test engine use a 
variable geometry turbo (VGT) for intake boost, which is controlled using vacuum waste-
gate. Piezo electric injectors are used for electronic fuel injection, which are driven using an 
IDM (injector driver module). High pressure fuel pump on the engine is ran using the cam 
shaft and a pressure regulator fitted to the pump regulates fuel supply pressure to the 
common rail and to the injectors. Exhaust gas recirculation (EGR) system on the engine is 
operated using a separate controller and associated PID circuit driver software for various 
valve positions based on EGR ratio measured using CO2 concentration. The EGR system 
had a single stage cooling to decrease the exhaust gas temperature before it is introduced 
to the engine air inlet. Original engine manufacturer (OEM) sensors are used to measure 
engine and airflow parameters. Fuel consumption is measured by monitoring weight 
difference recorded in a digital weighing scale on which the fuel tank is mounted. A 
schematic of the setup instrumentation is shown in figure 3.3. Details of the engine 
specifications are given in table 3.1. 
 
Exhaust gas for measurement is taken from the exhaust manifold itself by connecting a SS 
tube to the manifold. A remote controlled manifold valve was used to control flow of 
exhaust gas to the analysers. Sampling lines were insulated to avoid temperature drop 
and resulting condensation in the line. This helped to keep the exhaust gas sample 
temperature almost constant and thus helped to avoid influence of this factor on emissions 
data [235]. NOx and raw CO2 was measured using Horiba Mexa 584L gas analyser. A 
DMS500 MK II fast particulate measuring equipment was used for PM number 
concentration and size distribution. Dustrak II Aerosol Monitor 8530 was used for 
measuring PM mass concentration. Dekati diluters were used for diluting the exhaust gas 
before feeding it in to the PM analysers. A Sable CA-10 CO2 analyser was used to 
measure diluted CO2 concentration to find dilution ratio to process emissions data. From 
the above data dilution ratio of the setup can be obtained using the following relation; 
 
Dr =
CO2 raw
CO2 diluted
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An eddy current dynamometer with ±1.25 Nm accuracy was used for the study to load the 
engine. Data measured by dyno system is logged to the data acquisition system at a rate of 
10 Hz for each test condition. For the study engine was operated under steady state load 
condition of 2000 rpm and multiple load points. At each point system was allowed to stabilise 
for 5 minutes at least before collecting data. Engine coolant temperature and inlet air 
temperature was maintained reasonably stable using heat exchangers. At each set point 
data is collected for 1-2 minutes and averaged to obtain final data. 
 
Majority of studies so far on DME combustion use modified fuel injectors to provide excess 
fuel flow to compensate for the low energy content of DME. For this study injectors and 
high pressure pump were not modified for increased fuel injection as the purpose of this 
work was to study the effect of EGR on emissions and hence matching performance of 
DME system to diesel combustion was not considered critical and due to the significant 
costs associated with developing a modified set of injectors and pump. Since the injectors 
were not modified, the DME system was not able to produce more than 40% of the peak 
power produced by the diesel fuel system. Hence, for the sake of comparison with liquid 
fuels emissions data is presented in this report on power output basis. On the original 
system fuel supply lines were replaced with high pressure fuel lines that are able to handle 
the increased supply pressure of DME. A low pressure fuel pump was used to maintain 
DME supply pressure above 1.5 MPa and a fuel cooler was used to cool the return fuel. 
Since DME is not compatible with most of the rubber materials used in diesel systems 
special sealing materials and O-rings were used to replace original parts [188]. Some of 
the widely used DME compatible materials include Buna-n, Teflon, PTFE, EPDM, FFKM 
etc. 
 
ECU was used to control fuel injection parameters for the study. ECU controls engine via a 
set of maps that are stored in the system. Each of these maps can be modified real time 
and changes can be monitored using an oscilloscope setup to check any unstable controls 
in the system. For the engine maximum injection pressure was dropped to 600 bar for 
DME system. A d2t OSIRIS combustion analyser is used in the system to study 
combustion properties.  Input signals to the d2t system comes from the in-cylinder 
pressure sensor and also from the crank angle sensor on engine. To install in-cylinder 
pressure sensor, glow plug located in the reference cylinder of the engine was replaced 
with an adapter and an AVL sensor model GH13P with sensitivity 16 pC/bar. Crank angle 
sensor used is a Valeo hall-effect sensor (PA66 GF30) type crank angle encoder that has 
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sensor output voltage of 250 mV and sensitivity of 5.0 mV/gauss, with switching speed of 3 
milli-seconds. This sensor having an accuracy of ± 0.05 degrees also feeds signal to the 
combustion analyser.  
 
DME combustion in diesel engines and application of EGR were discussed by several 
papers in the last few years. This study differentiates from previous works by the fact that it 
investigates UFPM emissions generated during DME combustion when using EGR. 
 
4.3 Performance parameters defined 
 
Burned rate (BR) 
 
Burning rate of the charge depends on its chemistry (composition) and form (shape).  
Burned rate at a certain point shows the amount of charge combusted until that particular 
crank angle.BR is normally expressed as percentage (%) of fuel burned. 
 
Brake specific fuel consumption (BSFC) 
 
BSFC of an engine gives the ratio of rate of fuel consumption to power produced at output 
shaft. BSFC is normally expressed in g/kWh.     
BSFC =
r
P
 
where, 
 r - Rate of fuel consumption, gram/second 
 P - Power produced at output shaft, kW 
 
Brake thermal efficiency (BTE) 
 
BTE of an IC engine is defined as the ratio of heat equivalent of the brake output to the heat 
supplied to the engine. 
 
Brake mean effective pressure (BMEP) 
 
BMEP can be defined as the average pressure, if imposed on the piston during power stroke 
that will produce power measured at the output shaft. BMEP can be obtained as the 
Chapter 4 
 
4-6 
 
difference of indicated mean effective pressure (IMEP) and frictional mean effective 
pressure (FMEP). 
 
Heat release rate (HRR) 
 
HRR or burning rate is the rate of heat released during combustion of fuel. HRR is normally 
expressed in joules/CAD.  
 
Gas mean temperature (GMT) 
  
GMT measured during combustion shows the average value of in-cylinder gas temperature 
measured at the sensor tip. GMT is typically expressed in Kelvin or degree Celsius. 
 
4.4 Results and discussions 
 
4.4.1 NOx emissions 
 
EGR is a very effective means of reducing NOx emissions in diesel engines. From figure 
4.2, NOx emission found to be reducing for all fuels when EGR is applied. Reason for this 
is due to reduction of in-cylinder temperature due to less fresh oxygen inside the cylinder, 
which affects combustion. With increase in EGR ratio NOx is found to be dropping 
significantly. This proves that combustion with less oxygen and low in-cylinder temperature 
can effectively suppress NOx formation. Effect of EGR setup can be further improved by 
using multiple stage cooled EGR.  
 
When no EGR is applied DME seems to produce NOx similar to that of ULSD, but drops 
significantly to similar levels of other fuel when EGR is increased. Higher NOx generated by 
DME combustion might be due to the oxygen rich nature of the fuel leading to higher in-
cylinder temperature during combustion, which is a precursor for NOx generation. Of all the 
fuels tested ULSD seems to produce highest amount of NOx even with EGR, which shows 
that biodiesel blends can help reduce NOx more efficiently with similar EGR ratios than to 
ULSD. 
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Fig. 4.1:  NOx emissions compared at 25% load for varying EGR  
 
4.4.2 Particulate matter emissions 
 
PM mass concentration of DME was found to be too less or almost absent at all loads. 
Figure 4.3, shows a small amount of PM at 0% EGR, which drops to zero when EGR is 
increased. Other fuels tested found to follow the trade-off relationship existing between 
NOx and PM. This shows that EGR can be applied safely for DME combustion without the 
concern of increasing PM emissions and this is a significant advantage  that DME has 
when compared with other potential diesel alternatives. It is also observed in Fig.4.3 that 
the PM mass from biodiesel fuels increases with EGR ratio more significantly than that 
from ULSD. For example at 30% EGR the PM mass concentration of butanol is about 
twice of that of ULSD.  
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Fig. 4.2:  PM mass concentration compared at 25% load for varying EGR  
 
Drop in PM mass concentration does not alone prove that UFPM emissions are less or 
absent for a particular fuel. UFPM emissions possess less mass, but more dangerous and 
hard to control than larger PM emissions. With the introduction Euro VI emission norms PM 
number concentration is taken seriously and hence need to be critically analysed. Figure 
4.4, shows the PM number concentration compared for all the fuels tested against DME. 
From the study it was found that PM number concentration of DME is higher than that of 
other liquid fuels tested. This shows that even though mass concentration of PM emissions 
from DME is significantly lower than other fuels, PM number concentration is quite higher, 
which points towards increased amount of nucleation mode particles from DME combustion. 
Figure 4.5, shows the nucleation and accumulation mode PM number concentration of liquid 
fuels for varying EGR ratio. Accumulation mode particles for liquid fuels tested seems to 
increase with increase in EGR, which is in similar proportion to increase in BSFC with 
increase in EGR discussed later in this paper. For DME emissions, nucleation and 
accumulation mode concentration is shown in figure 4.6. It is now evident that only 
nucleation mode particles are present in DME combustion which are in the size range of 5 
nm to 50 nm. Reasons for absence of accumulation mode particles from DME combustion 
might be due to the higher oxygen level in fuel and absence of C-C bond in its structure. 
Increased amount of PM nucleation mode emissions could be due to incomplete combustion 
of DME lubrication additive and engine lubricants that mix with DME, and the oxygen content 
of DME causing carbonaceous particle changing from fine to ultra-fine size. Absence of 
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accumulation mode particles also promote generation of nucleation mode as otherwise it 
would have suppressed nucleation mode particles by adsorbing volatile and semi-volatile 
components in the exhaust gas, which cause nucleation mode PM [236]. 
 
 
Fig. 4.3:  PM number concentration compared at 25% load for varying EGR  
 
 
Fig. 4.4:  PM number concentration at nucleation and accumulation modes compared at 
25% load for varying EGR 
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Fig. 4.5:  PM number concentration at nucleation and accumulation modes compared at 
25% load for varying EGR for DME 
 
Figure 4.7 and 4.8, shows PM size distribution for DME and ULSD respectively for varying 
EGR ratio. For ULSD, number concentration shows increasing trend with increase in EGR 
ratio. Highest concentration is found for particles with diameter around 75 nm. However, for 
DME the number concentration seems to be not affected much with change in EGR. This 
might be due to the oxygen rich nature of DME, which is not much affected due to increase 
in EGR. Oxygen rich biofuels will promote complete combustion and thus oxidation of soot 
generated and also reduced sort formation [237] [238]. The over-rich charge due to reduced 
fresh air at high concentration of EGR for ULSD might have caused higher PM number 
concentration. As discussed earlier DME PM emissions are mainly in the nucleation mode 
and this is visible from figure 4.9. For DME peak concentration is shown around 20.5 nm 
size, which is nucleation mode. Of all the fuels tested BUT20 showed least amount of PM 
number emissions when no EGR is applied. For the same load condition, when EGR rate is 
increased to 30% the PN concentration increased significantly for CSO20, but for DME the 
PN concentration was not affected much as compared to other fuels. Effect of highest EGR 
concentration on PN number distribution is shown in Figure 4.10.   
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Fig. 4.6:  PM size distribution compared at 25% load for varying EGR for DME 
 
Fig.4.7:  PM size distribution compared at 25% load for varying EGR for ULSD 
 
Fig.4.8:  PM size distribution compared at 25% load and 0% EGR  
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Fig.4.9:  PM size distribution compared at 25% load and 30% EGR  
 
Figure 4.11 compares the PM mean diameter for DME and other fuels tested for various 
EGR ratio. The PM mean diameter is almost half for DME as compared to other for the 
whole operation range of EGR. Unlike the other fuels tested, DME PM mean diameter shown 
a decreasing tendency with increase in EGR ratio. For DME the absence of direct C-C bond 
and oxygen rich fuel is in support of controlling PM emissions despite of increased EGR 
ratio. However, the small size PM emitted by DME will cause issues in filtering these 
particles for exhaust gas after treatment using DPF (diesel particulate filter). Hence, this 
area need to be investigated thoroughly to successfully control UFPM emissions from DME.  
 
 
Fig.4.10:  PM mean diameter compared at 25% load 
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4.4.3 Performance parameters 
 
Figure 4.12 shows the effect of EGR on combustion properties of DME. In-cylinder pressure 
during DME combustion seems to be affected with increase in EGR ratio. The same 
behaviour is expected from any fuels tested as during EGR fresh air is replaced with burned 
gas and hence will affect combustion. There is no significant variation in heat release rate 
observed for varying EGR (figure 4.13). From figure 4.14, variation in in-cylinder peak 
pressure during EGR is found to follow a similar trend for DME and all the fuels tested and 
the slope of trends for all the fuels seems to be similar. This helps to predict how engine 
performance will affect with other EGR ratios also if applied. 
 
 
Fig.4.11:  In-cylinder pressure compared at 25% load for varying EGR for DME 
 
 
Fig.4.12:  Heat release rate compared at 25% load for varying EGR for DME 
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Fig.4.13:  In-cylinder peak pressure compared at 25% load for varying EGR 
 
Figure 4.15 shows the effect of EGR on burned rate of DME for varying EGR ratios. As 
shown in figure burned rate is found to be affected slightly with increase in EGR. With 
increase in EGR ratio complete combustion of fuel is delayed slightly, but not significantly. 
Figure 4.16 shows the variation in BSFC for varying EGR ratio for DME and other fuels 
tested. As shown in previous studies related to EGR, BSFC was found to have an increasing 
tendency with increase in EGR. This is because with increase in EGR ratio fresh oxygen for 
combustion will be reduced affecting the air-fuel ratio and thus increase the BSFC. 
 
 
Fig.4.14:  Burned rate compared at 25% load for varying EGR 
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Fig.4.15:  BSFC compared at 25% load for varying EGR 
 
4.5 Summary and discussion 
 
The following major observations can be made in this work: 
 
1. DME is found to produce significant amount of NOx when no EGR is applied and is 
in the range of NOx produced by ULSD. However, with increase in EGR ratio NOx 
emissions from DME combustion is found to drop at a higher rate as compared to 
other fuels tested. This proves that EGR can effectively help to reduce NOx emissions 
from DME combustion and EGR is a must for DME engines to comply with new 
emission norms. 
2. PM mass concentration from DME combustion is almost absent irrespective of EGR 
ratio applied. For this reason higher EGR ratios can be applied to control NOx 
emissions from DME combustion. 
3. DME PM emission is found to consist of nucleation mode particles (5nm – 50 nm) 
only and no accumulation mode particles were observed. However, for other fuels 
tested PM emissions were mainly made up of accumulation mode particles (50 nm – 
1000 nm). Absence of accumulation mode particles could be due to oxygen rich 
nature of fuel and absence of C-C bond. 
4. There is significant amount of PM number concentration from DME combustion. 
Since DME is a clean fuel with no C-C bonds, PM emissions from DME could be due 
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to DME lubrication additive used and also due to engine and fuel pump lubrication 
oil. For other fuels tested the PM number concentration has increased by almost 
double the amount for change in EGR from 0% to 30%.  
5. Similar to other fuels tested DME PM number concentration was found to increase 
with increase in EGR rate. Absence of accumulation mode particles seems to have 
promoted production of significant amount of nucleation mode particles.  
6. PM mean diameter from DME is found to be almost half the size of that from other 
fuels tested. PM mean diameter does not seem to change much for DME with 
increasing EGR ratio, while for other fuels it is found to increase with increase in EGR 
ratio. 
7. Effect of EGR on performance parameters was found to have similar effect on DME 
and other fuels tested. In-cylinder pressure and burned rate decreased with increase 
in EGR rate due to decrease in fresh oxygen available for combustion. BSFC has 
found to have increased with increase in EGR ratio due to decrease in oxygen for 
combustion and thus affecting air-fuel ratio. 
It is clear that EGR is a very effective means of controlling NOx emissions for all the fuels 
tested. However for different fuels, the effect of EGR on PM mass and number emissions is 
different. The trade-off relationship between NOx emission and PM mass is found to exist 
for diesel and biodiesel fuels, but not for DME fuel which shows very low PM mass emission 
even at higher EGR ratios. The PM number emission has also increased with increase in 
EGR ratio for DME, ULSD and biodiesel fuels. Although the PM mass emission is low in 
DME combustion, the PM number emission is significantly higher than that from the 
combustion of other fuels. This suggests that control of PM number concentration from DME 
combustion will be a challenge to satisfy future emission regulations. It is important to note 
that DME PM emissions is due to nucleation mode particles and not because of 
accumulation mode particles. Further works are needed to find out if particulate filters (PF) 
will be effective in filtering UFPM emissions, to develop new strategies if PF is not effective, 
and to develop DME additives that does not contribute towards PM emissions. 
 
4.5 Conclusions 
 
The effect of exhaust gas recirculation (EGR) on NOx and particulate matter (PM) emissions 
from the combustion of various alternative fuels, including ultralow sulphur diesel, dimethyl 
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ether (DME), waste cooking oil and cotton seed oil and butanol, is investigated 
experimentally in a diesel engine. It is found that the application of EGR can effectively 
reduce NOx emissions but in the meantime increase PM mass emissions for diesel and 
biodiesel fuels, whereas for DME fuel EGR does not influence PM mass emissions. However 
the PM number emission from DME combustion is significantly higher than that from the 
combustion of other fuels, and it appears that the PM number emissions from all fuels 
exceed the latest emission standard and increase with the increase of EGR ratio. New 
strategies to control PM number emissions are needed.     
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CHAPTER 5: Effect of injection pressure and timing on NOx and 
particulate matter emissions from combustion of dimethyl ether in a 
common rail diesel engine 
 
This chapter discusses the effect of injection pressure and timing on NOx and particulate 
matter emissions from combustion of dimethyl ether in a common rail diesel engine and 
compare it with that of ULSD and several alternative diesel fuels including WCO, CSO and 
BUT. The chapter is taken from the draft version of original journal article prepared and 
currently under revision by the author under the title “Effect of injection pressure and timing 
on NOx and particulate matter emissions from combustion of dimethyl ether in a common 
rail diesel engine”. This chapter discusses how effective are injection strategies towards 
controlling NOx as well as PM number emission from DME combustion. 
 
Abstract  
 
Dimethyl ether (DME) is a clean combustion fuel with very low particulate matter mass 
emission. However it was found recently that the particulate matter number emission from 
DME combustion was very high, which needs to be controlled in the new emission 
standards. This paper investigates the effect of injection pressure and timing as potential 
control strategies on NOx and particulate matter (PM) emissions from the combustion of 
DME in a diesel engine, in comparison with ultra-low sulphur diesel (ULSD), dimethyl ether 
(DME), and B20 blends of cotton seed oil (CSO), waste cooking oil (WCO) and butanol 
(BUT).  Five different injection pressures and injection timings are tested for a set of load 
and speed conditions. It was found that both injection pressure and timing has effect over 
the NOx and PM mass and number emissions, but these effects are not enough to infuelnce 
emissions from DME to help it meet future emission norms.  
 
Keywords  
 
Dimethyl Ether, ULSD, CSO, CSO, BUT, injection timing, injection pressure, NOx emissions, 
PM emissions   
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5.1 Introduction 
Dimethyl ether (DME) is a very promising alternative fuel to diesel because of its clean 
combustion property and ability to be produced from a wide range of biomass sources. An 
existing diesel engine system can be modified to run on DME with majority of modifications 
done to the fuel system to overcome DME compatibility issues with seals and fuel flow 
increased to rectify low heating value property of DME. From studies so far on DME 
combustion and emissions DME system was found to give better performance and lower 
PM and gaseous emissions [30, 239]. However, as observed in several studies before this 
work observed that NOx and PM number emissions from DME is significantly higher than 
that from diesel combustion.  
Studies conducted on injection strategies like injection pressure and injection timing has 
proved that they can influence performance and emission characteristics in a diesel 
engines [24, 81, 240-243]. For instance, multiple injection instead of a single injection 
setup can help to reduce in-cylinder temperature by controlling in-cylinder temperature due 
to sudden burning of fuel at once [41]. Also, early fuel injection rather than delayed 
injection found to reduce NOx and PM emissions by limiting peak in-cylinder temperature. 
Increased fuel injection pressure can cause increased HC and PM emissions because of 
cylinder wall wetting [244]. At the same time, high injection pressure can help to improve 
fuel spray penetration, atomization and mixing properties, which can lead to better 
combustion performance and emissions reduction.  
 
With the introduction of new emission norms like Euro 6 strict controls are placed on PM 
number concentration. The objective of this study is to investigate how effective injection 
strategies are to reduce PM and gaseous emissions, especially UFPM. Emissions results 
from DME is compared against that of ULSD, WCO, CSO and BUT for the same test 
conditions.  
 
5.2 Test conditions and procedure  
 
Figure 3.3 shows the experimental setup used for this study and table 3.1 shows the 
engine configuration. Properties of the test fuels are discussed in section 3.17 and table 
3.4. Experimental setup for the tests is discussed in section 4.2.  
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 For this study engine was kept at a steady state condition of 2000 rpm and 20% load. The 
load (20% of maximum diesel achievable load) and speed condition for this study was 
chosen based on the widely used operating condition for stationary driving cycle for 
automobile compression ignition engines. For testing effect of injection pressure on 
emissions, five different injection pressure values were chosen for the common rail, 
varying from 400 bar to 600 bar in steps of 50 bar. The injection pressure values were 
adjusted using ECU system by adjusting fuel pressure control maps. Similarly, for testing 
the effect of injection timing on emissions, five different injection timing values varying from 
12.5 BTDC to 20.5 BTDC were applied in steps of 2 CAD. The injection timing values were 
adjusted by varying values in maps stored in ECU corresponding to injection timing. Only 
main fuel injection timing was varied for all fuels with pilot fuel injection kept the same as 
the stock engine setup. 
 
5.3 Results and Discussion 
Results obtained from combustion and emissions study are presented in 2 sections; 1) 
effect of fuel injection pressure, 2) effect of fuel injection timing. Results obtained for DME 
combustion will be compared against that for ULSD, CSO20, WCO20 and BUT20 fuels. 
No EGR was used during these tests. The original injection pressure and timing for 20% 
load condition at 2000 rpm is 500 bar and 16.5 CAD BTDC respectively.  
 
5.3.1 Effect of injection pressure 
 
5.3.1.1  Performance parameters 
 
Figure 5.1 shows that in-cylinder pressure increases with increase in injection pressure for 
DME combustion. Also the combustion is found to be starting earlier when injection pressure 
is increased. From figure 5.2 it can be seen that peak in-cylinder pressure is also increasing 
with increase in injection pressure. For liquid fuels the peak in-cylinder pressures are almost 
similar, while for DME peak pressure is slightly low. This is probably due to the low heating 
value of DME leading to less combustion pressure as compared to other fuels. The peak in-
cylinder pressure of DME at 600 bar injection pressure is found similar to the peak in-cylinder 
pressure of liquid fuels tested at 400 bar injection pressure.  
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Fig. 5.1:  In-cylinder pressure plots for DME at different injection pressures 
 
Figure 5.3 shows variation of heat release rate for DME combustion with varying injection 
pressure. Similar to in-cylinder pressure trends, heat release rate can also be found increase 
with increase in injection pressure. Higher injection pressure leads to more fuel injected to 
the cylinder for same injection duration and better atomization of fuels. These factors can 
lead to better combustion producing higher power output and heat release. Figure 5.4 shows 
gas mean temperature inside the reference cylinder calculated using data from cylinder 
pressure sensor. There is an increase of peak temperature from about 390oC to 540oC for 
a change in injection pressure from 400 bar to 600 bar. The gap of lines between 450 bar 
and 500 bar is wider than gap between other lines. This shows that combustion has 
significantly improved by increasing injection pressure from 450 bar to 500 bar, which clearly 
shows that injection pressure has significant effect on increasing engine performance. 
 
Fig. 5.2:  In-cylinder peak pressure plots at different injection pressures 
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Fig. 5.3:  Heat release rate plots for DME at different injection pressures 
 
 
 
Fig. 5.4:  Gas mean temperature plots for DME at different injection pressures 
 
Figure 5.5 shows that burned rate increases with increase in injection pressure. For 
increased injection pressure fuel seems to be ignited earlier as compared to lower injection 
pressure cases. However, the gap is found to narrow at around 5.7 CAD showing that 
despite of various injection pressures tried all cases completed 60 % burning at around 
same time. After this point the gap widens showing increased fuel injection pressure has 
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better combustion properties as compared to lower injection pressures.  From figure 5.6, it 
is clear that increase in injection pressure will increase combustion rate. DME as compared 
to other fuel tested, shows a higher increase in combustion rate with increase in injection 
pressure. For highest injection pressure, for DME system the CA90 value has improved by 
about 7 CAD. A faster combustion means the engine produce higher power output as piston 
is much closer to TDC as compared to other fuels tested and hence more useful power from 
the system. Also, it is found that CA50 for all the fuels tested did not change much with 
increase in injection pressure. 
 
 
 
Fig. 5.5:  Burned rate for DME at different injection pressures 
 
Figure 5.7 shows BSFC data for DME and other fuels tested with change in injection 
pressure. For all the fuels tested BSFC is found to be dropping with increase in fuel injection 
pressure. This is probably due to higher momentum of fuel injected at high pressure, which 
will improve fuel entrainment resulting in better combustion. Increasing injection pressure 
too much will cause increased wall wetting leading to deterioration of combustion, which can 
also lead to rise in fuel consumption rate.  
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Fig. 5.6:  Combustion rate compared at different injection pressures 
 
Fig. 5.7:  BSFC compared at different injection pressures 
 
5.3.1.2 NOx emissions 
DME combustion tends to produce higher NOx emissions when no control strategies are 
used. This is due to the oxygen rich nature of DME, which tends to produce higher in-cylinder 
temperature, which is a major reason for NOx generation. From figure 5.8, it seems like 
DME tends to produce higher NOx with increase in injection pressure. Higher injection 
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pressure will supply more fuel to the combustion chamber, better mixing and atomization of 
fuel inside the cylinder and faster combustion resulting in higher combustion temperatures 
and NOx emissions. However, BUT20 alone showed drop in NOx emissions with increase 
in injection pressure. 
 
 
Fig. 5.8:  NOx emissions compared at different injection pressures 
 
5.3.1.3 Particulate matter emissions 
From figure 5.9, as expected DME does not seem to produce any or much PM as that of 
other fuels tested due to the clean combustion property of the fuel. However, in this study 
there are still some PM observed during combustion as opposed to other studies in the 
literature. The expected reasons for PM emissions from DME are; incomplete combustion 
of DME additive used or due to the engine lubrication oil or fuel pump lubrication oil mixing 
with DME and burned inside the cylinder. It seems like PM mass concentration from DME 
tends to follow a decreasing trend with increase in injection pressure. This trend is similar in 
nature to that observed for other fuels tested in this study. Decrease in PM mass emissions 
at higher injection pressure might be due to better atomization resulting in breakdown of 
lubrication particles to burn off more completely inside the cylinder. 
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 Figure 5.10 shows the total PM number concentration from combustion of different fuels 
tested at various injection pressures. From the figure 5.10, it seems like DME produces 
highest amount of PM number emissions at lower injection pressures. With increase in 
injection pressure total PM number concentration seems to be decreasing. This can be 
related to the observation made for PM mass concentration that higher injection pressure 
leads to better combustion of lubrication materials used and hence reduction in PM number 
concentration. This also shows that lubrication oil has a significant role in emissions from 
DME combustion and hence need to be investigated in depth. 
 
Fig. 5.9:  PM mass concentration compared at different injection pressures 
 
 
Fig. 5.10:  Total PM number concentration compared at different injection pressures 
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Figure 5.11 shows the nucleation and accumulation mode PM number concentration plotted 
for liquid fuels tested in this study. DME is plotted separately as the scale of emissions are 
quite different for DME and hence hard to plot together. For liquid fuels nucleation mode 
particles are almost absent for the range of injection pressures applied. This shows that 
injection pressure does not have much influence on nucleation mode particles for the liquid 
fuels tested here. However, all the liquid fuels tested here seems to produce significant 
amount of accumulation mode particles and this seems to follow a decreasing trend with 
increase in injection pressure. Figure 5.12 shows the PM number concentration for DME, 
which shows that there are no accumulation mode particles observed. A significant amount 
of nucleation mode particles were observed at lower injection pressure, which seems to 
reduce with increase in injection pressure by dropping to upto 1/4th of that of lower injection 
pressure.  
 
 
 
Fig. 5.11:  PM number concentration (nucleation and accumulation) compared at different 
injection pressures 
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Fig. 5.12:  PM number concentration (nucleation and accumulation) compared for DME at 
different injection pressures 
 
Looking at the particle mean diameter plot in figure 5.13, it is clear that entire PM emissions 
from DME falls in the nucleation mode range while for liquid fuels tested the mean diameter 
stayed mainly within accumulation mode range. PM mean diameter for DME seems to follow 
an increasing trend with increase in injection pressure.  
 
 
Fig. 5.13:  PM number mean diameter compared for different injection pressures 
 
Figure 5.14 shows the PM size distribution of DME for various injection pressures. DME PM 
size distribution clearly shows a rising and rightward shifting trend with increase in injection 
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pressure. This mean that both the number concentration and PM size are influenced by 
injection pressure parameter and hence is critical to control PM emissions. From figure 5.15 
for ULSD, PM size distribution does not seem to have influenced much with change in 
injection pressure, but there is a slight increase in PM size with increase in injection 
pressure. Figures 5.16, 5.17 and 5.18 compares the variation in PM size distribution for DME 
with other fuels for 400 bar, 500 bar and 600 bar injection pressures. Between 500 bar and 
600 bar injection pressure, PM size distribution of DME did not change much as observed 
from the plots.  
 
 
Fig. 5.14:  PM size distribution compared for DME at different injection pressures 
 
 
 
Fig. 5.15:  PM size distribution compared for ULSD at different injection pressures 
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Fig. 5.16:  PM size distribution compared at 400 bar injection pressures 
 
Fig. 5.17:  PM size distribution compared at 500 bar injection pressures 
 
Fig. 5.18:  PM size distribution compared at 600 bar injection pressures 
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5.3.2 Effect of injection timing 
5.3.2.1 Performance parameters 
For the standard setup, at 20% load standard injection timing value is 16.5 BTDC for the 
engine. For the study two advanced injection timing and two retarded injection timing was 
tested to see how it can influence performance as well as emissions. Figure 5.10 shows the 
variation in in-cylinder pressure with change in injection timing for DME combustion. The 
two peaks observed in pressure plot are due to multiple injections used in the engine. In-
cylinder pressure for first combustion due to pre-injection was found to be higher for late 
injection than for early injection. However, the in-cylinder pressure from second combustion 
due to main fuel injection was higher for early injection. For early injections the second 
pressure peak was lower probably due to lack of oxygen in the charge because the first 
injection might have consumed fresh oxygen in the change [42]. For tests the pilot injection 
timing was not changed and hence changing main injection timing for early injection brought 
it close to pilot injection timing and hence the pressure peaks are not easily distinguishable 
for both combustions. Figure 5.20 shows the peak in-cylinder pressures observed for various 
fuels for varying injection pressure. All fuels tested shows increase in peak cylinder pressure 
with advanced injection timing. Advancing injection timing will allow better mixing of fuel with 
air inside the cylinder and gives more time for combustion to produce better work output. 
ROHR (heat release rate) from figure 5.21 also shows a similar trend as that of in-cylinder 
pressure with delayed injection timing showing higher heat release.  
 
 
Fig. 5.19:  In-cylinder pressure plots for DME at different injection timing 
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Fig. 5.20:  In-cylinder peak pressure plots at different injection timing 
 
Fig. 5.21:  Heat release rate plots for DME at different injection timing 
 
Gas mean temperature from figure 5.22 shows that early injection causes drop in in-cylinder 
gas mean temperature as compared to delayed injection. For early fuel injection peak 
temperature is found to be reached when piston is close to TDC position and the trend shifts 
to the right towards expansion stroke for late injection. This shows that early fuel injection 
decreases in-cylinder temperature, but gives increased work output due to better 
combustion. From figure 5.23, for advanced fuel injection burn rate is found to be faster as 
compared to delayed fuel injection for DME. Reason for fast burned rate for DME during 
early injection might be due to easily combusting property of DME because of its cetane 
number and later heat. 
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Fig. 5.22:  Gas mean temperature plots for DME at different injection timing 
 
Fig. 5.23:  Burned rate plots for DME at different injection timing 
 
Fig. 5.24:  Combustion rate plots at different injection timing 
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Figure 5.24 shows the CA10, CA50 and CA90 data for combustion of different fuels with 
varying injection timing. As discussed earlier, with delay in injection timing combustion rate 
of fuel seems to be decreasing. CA10, CA50 and CA90 follows similar trend for all liquid 
fuels with variation in injection timing. For DME CA90 value for early injection at 20.5 BTDC 
was observed to be similar to that for early injection at 12.5 BTDC. However, CA10 and CA 
50 values followed similar trend as that of liquid fuels tested. This is possibly due to the lack 
of fresh oxygen in the cylinder for DME combustion for second combustion due to main fuel 
injection. BSFC from figure 5.25 does not seems to have a clear trend with varying injection 
timing. Since the fuel injection pulse width is not changed the fuel BSFC will not be affected 
much due to change in injection timing. However, with increase in power output due to 
delayed fuel injection for DME, BSFC can be found to be increasing with advancing fuel 
injection timing.  
 
 
 
Fig. 5.25:  BSFC compared at different injection timing 
 
5.3.2.2  NOx emissions 
 
Figure 5.26 shows the relationship of NOx emissions with injection timing for DME and other 
fuels tested.  All the fuels tested shows an increasing tendency of NOx emissions with 
advanced injection timing. Increased duration of combustion and combustion gas inside the 
cylinder for long time tend to produce higher NOx emissions. This property seems to be 
applicable for all the fuels tested here, while DME showed increased amount of NOx 
emissions with a strong relation with injection timing. Oxygen rich nature of DME will promote 
better combustion as compared to other fuels and hence it showed highest amount of NOx 
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emissions. For delayed injection timing the DME evaporates faster, but produces less peak 
temperature and hence reduced NOx emissions owing to the higher cetane number and 
latent heat properties of DME.   
 
 
 
Fig. 5.26:  NOx emissions compared at different injection timing 
 
5.3.2.3  Particulate matter emissions 
 
From figure 5.27, variation in injection timing found to show different trends for PM mass 
concentration for different fuels. For DME, PM mass concentration is found to be increasing 
with delaying injection timing, while for the liquid fuels the general trend is found to be 
reduction in PM mass concentration with delay in injection timing. PM is generated due to 
incomplete combustion of fuel. In case of DME, since it is clean fuel with no C-C bonds in 
its structure, the source of PM number emissions is from DME fuel additives used and also 
from engine and fuel pump lubrication oils mixed with DME and burning inside the cylinder. 
Increase in PM mass concentration could either mean increase in PM mean diameter 
leading to increase in mass concentration or increase in PM number concentration leading 
to increase in overall mass concentration.  
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Figure 5.28 shows the PM number concentration for liquid fuels and DME is plotted 
separately for better representation. It is evident from the figure that liquid fuels does not 
seem to have significant amount of nucleation mode emissions at any injection timing value, 
except BUT20 showing a rise in PM number concentration for 20.5 BTDC. In general all 
fuels tend to show a decreasing trend in accumulation mode emissions with advancing 
injection timing. Increase in PM number concentration for advancing injection timing might 
be due to incomplete combustion caused from lack of fresh charge inside the cylinder after 
initial combustion.  
 
 
 
Fig. 5.27:  PM mass concentration compared at different injection timing 
 
From figure 5.29, for DME there is no accumulation mode particles observed for the various 
injection timings tested. Advancing fuel injection timing tend to show increased 
concentration of nucleation mode particles from DME combustion. So, it can be concluded 
that increase in PM mass concentration for DME observed in figure 5.27 is due to increased 
number of nucleation mode particles during advanced injection timing. As discussed earlier 
the reason for nucleation mode emissions is due to incomplete combustion of lubrication 
oils used in engine and also due to the additive used for DME. A steep rise in total PM 
number concentration for DME is observed in figure 5.30 for advancing injection timing. For 
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the liquid fuels total PM number concentration did not change much, but slightly dropped 
with advance in injection timing 
 
 
 
Fig. 5. 28:  PM number concentration (nucleation and accumulation) compared at different 
injection timing 
 
 
 
Fig. 5.29:  PM number concentration (nucleation and accumulation) compared for DME at 
different injection timing 
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Fig. 5.30:  Total PM number concentration compared at different injection timing 
 
Figure 31 shows the PM size distribution for DME with varying injection timing. For late 
injection number of particles with bigger size is more than that for early injection. Higher PM 
number concentration for early injection as observed in figure 5.30 is due to the significant 
drop in power produced for DME injection during early injection timing. Advancing injection 
timing tend to produce more nucleation mode particles as shown in figure 5.31 with the 
graph shifting towards the left, while the total number of particles tend to drop. For ULSD, 
the trend is not quite clear, but is found to generate increased number of particles with 
advancing injection timing as observed in figure 5.32. This trend is quite opposite to what is 
observed for DME.  
 
Fig. 5.31:  PM size distribution compared for DME at different injection timing 
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Fig. 5.32:  PM size distribution compared for ULSD at different injection timing 
 
Figures 5.33, 5.34 and 5.35 compares the change the PM size distribution for the fuels 
tested with change in injection timing. ULSD is found to be close to the x axis due to the 
significantly low amount of PM generated by the fuel due to the ultra-low sulphur feature. 
From the plots it is observed that for DME the total number of particles generated tends to 
follow a decreasing tendency with advancing injection timing, while for other fuels no 
significant change is observed apart from the liquid bio-fuels tending to produce increased 
amount of nucleation mode particles at an injection timing of 20.5 BTDC. Also, it is clear 
from the charts that almost the whole PM emissions from DME falls within nucleation mode 
region where as for liquid fuels the trend falls mainly within accumulation mode region. 
 
 
Fig. 5.33:  PM size distribution compared at 12.5 BTDC injection timing 
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Fig. 5.34:  PM size distribution compared at 16.5 BTDC injection timing 
 
 
Fig. 5.35:  PM size distribution compared at 20.5 BTDC injection timing 
 
Figure 5.36 shows the change in PM mean diameter with change in injection timing. As 
observed earlier in the discussions PM mean diameter tends to drop with PM size 
distribution plots shifting to the left to nucleation mode with advancing injection timing. 
Higher oxygen concentration and lack of C-C bonds make DME to produce nucleation mode 
particles alone and no accumulation mode particles. Very low levels of sulphur in ULSD 
tested caused significant drop in PM mean diameter for ULSD. Of all the fuels tested BUT20 
showed to produce PM with largest mean diameter, which is almost double the size of that 
produced by DME for all the various injection timings tested. 
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Fig. 5.36:  PM mean diameter compared at different injection timing 
 
5.4 Conclusions 
 
The effect of injection pressure and injection timing on NOx and PM emissions from the 
combustion of DME and various fuels such as ULSD, CSO20, WCO20 and BUT20 in a 
common rail diesel engine was studied and compared. The following conclusions can be 
drawn from the analysis: 
1. Increasing injection pressure for DME was found to increase in-cylinder pressure and 
hence the power output from engine. Also, it improved burned rate and Heat Release Rate 
of DME together with increase in gas mean temperature.  
2. Influence of variation in injection pressure on fuel combustion rate and BSFC was 
found to follow similar trend for DME and for the other fuels tested. This shows that 
performance parameters of DME and other fuels will be affected in a similar way with 
variation in engine operation parameters. 
3. NOx emissions were found to increase with increase in fuel injection pressure for all 
the fuels studied, which is probably due to increased amount of oxygen inside the cylinder 
leading to improved combustion and heat generation.  
4. PM mass and number concentration, which depends on combustion quality, seemed 
to be dropping with increase in injection pressure for DME and for the other fuels tested. 
This can be attributed to better combustion with increase in injection pressure for the fuels. 
However, PM mean diameter for DME was found to be showing an increasing trend with 
increase in fuel injection pressure.  
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5. PM number concentration for DME was found to be significantly higher than that of 
other fuels tested, with the entire PM emissions were observed to be contributed by 
nucleation mode particles. For the liquid fuels tested only a small amount of PM were 
observed in the nucleation mode and majority of PM was contributed by accumulation mode 
particles.  
6. Advancing injection timing was found to increase in-cylinder pressure for DME. 
Pressure curve was found to shift to the left with combustion starting before piston reaches 
TDC and peak pressure occurring early to power stroke. This reduces the overall power 
output of the engine. On the other hand, the HRR and gas mean temperature was found to 
drop with advanced injection timing. Fuel burned rate was also found to have improved with 
advanced injection timing for DME. 
7. NOx emission was found to be increasing with advancing injection timing for all fuels 
tested. The longer duration fuel remain inside the cylinder, better the combustion and higher 
the in-cylinder temperatures leading to increased NOx emissions. NOx emissions from DME 
combustion was found to be significantly higher than that from other fuels tested for the 
various injection timings used. 
8. PM mass and number concentration was found to be increasing with advancing 
injection timing per power output of the DME system. For the other fuels tested the trend 
was observed to be deceasing PM number and mass with advancing injection timing. 
9. PM size distribution showed increase in PM emitted with delayed injection timing for 
DME. PM mean diameter for DME was found to be dropping with advancing injection timing 
and the size of PM emitted by DME was found to be significantly lower than other fuels 
tested and almost half of that produced by BUT20. 
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CHAPTER 6: Influence of fuel additives on NOx and particulate 
emissions from dimethyl ether (DME) combustion in a common rail 
diesel engine 
 
This chapter discusses the influence of fuel additives on NOx and particulate emissions 
from dimethyl ether (DME) combustion in a common rail diesel engine by comparing 
emissions when using two different additives with DME. The chapter is taken from the draft 
version of original journal article prepared and currently under revision by author under the 
title “Influence of fuel additives on NOx and particulate emissions from dimethyl ether 
(DME) combustion in a common rail diesel engine”. This chapter is a novel attempt to 
study if DME fuel additives are capable of influencing NOx as well as PM emissions, and if 
yes, how DME combustion can achieve future emission norms while using additives. 
 
Abstract  
 
This paper investigates the influence of dimethyl ether (DME) fuel additives on NOx and 
particulate matter (PM) emissions in a common rail diesel engine. Fuel additives are 
essential for use with DME to overcome its poor lubrication property in order to prevent 
premature wear and tear of parts used in fuel injection system. DME, despite being a clean 
combustion fuel with zero PM emissions theoretically, is found to generate PM emissions 
during combustion. Reasons for this emission are attributed towards incomplete combustion 
of fuel additives and engine lubricants that burn inside the cylinder. However, so far there 
are no experimental evidence in the literature. In this study two different additives (A1 and 
A2) widely used with DME are compared to investigate how they would influence NOx and 
PM emissions. Cambustion DMS500 MkII fast particle analyser is used to measure PM size 
distribution and number concentration, while Dustrak II aerosol monitor 8530 system is used 
to measure the particulate mass concentration. Measurements are done at 20% load state 
to follow the widely used operating condition for stationary driving cycle in automotive diesel 
engines. Different test conditions such as varying load, EGR, varying injection pressure and 
timing were studied for both blends. It was observed that DME+A2 tend to produce 
significantly higher NOx and PM emissions during various test conditions as compared to 
DME+A1. This study confirms that additives used with DME can significantly influence 
emissions during combustion, while no effect on performance parameters was observed. 
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6.1 INTRODUCTION 
 
Emissions from internal combustion engines are a major concern these days as they 
contribute to the greenhouse gas emissions. Among internal combustion engines CI 
(compression ignition) engines are more favoured due to their improved fuel economy or 
efficiency. CI engines can be practically ran on any type of fuels and this property makes it 
suitable for a wide range of applications ranging from marine engines to smaller 
automotive engines.  CI engines tend to produce higher amount of NOx and PM emissions 
as compared to gasoline engines due to the properties of combustion including high in-
cylinder temperature and pressure. Implementation of Euro VI norms from September 
2014 requires strict control over NOx and PM emissions from CI engines with particular 
emphasis on PM number concentration.  
 
PM emissions in general is composed of two types of particles; nucleation mode (5 – 50 
nm) and accumulation mode (50 – 1000 nm). Particles that fall within the range of 5 – 100 
nm is considered as ultra-fine PM (UFPM) emissions. Most of the diesel particulate filters 
(DPF) currently used are capable of filtering large size particles to reduce PM emissions 
from exhaust pipe of an engine, while small sized particles are often left to the atmosphere 
and become toxic when inhaled. Recent studies on CI engine emissions shows that 
smaller size particles or UFPM particle are even more dangerous than larger particles as 
they can easily enter lungs while breathing and are carcinogenic [1].  UFPM is of particular 
concern also because it would contribute significantly to PM number concentration in the 
exhaust gas. It would need to be better controlled in the new emission standards. 
 
Use of alternative fuels or their blends is considered as one of the long term effective 
solutions to overcome the issues of diesel PM and NOx emissions. In particular, alternate 
fuels are widely studied these days that can essentially reduce our dependency on fossil 
fuels and can also help to reduce emissions without using sophisticated exhaust treatment 
systems. DME attracts strong interests due to a number of reasons. First of all, DME 
exhibits similar combustion characteristics with diesel. For example cetane number of 
diesel is 52 and for DME it is 56. Therefore DME can be burnt directly in a diesel engine 
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with comparable performance [2]. Secondly, DME is a very clean combustion fuel which 
theoretically produces nil PM emissions due to its chemical structure that is absent of C-C 
bonds and is oxygen rich [9][3]. Thirdly, DME is a multi-source fuel and it can be produced 
from virtually any hydrocarbon material [8][4]. It is also a multi-purpose fuel that can be 
used in a wide range of applications. For these reasons DME could be potentially used to 
meet future emissions regulations in CI engines. 
There have been a large number of investigations on the NOx and PM emissions from 
DME combustion, in comparison with diesel combustion. It has been reported that the PM 
mass emission is significantly reduced from DME combustion while the NOx emission 
appears to be dependent on the engine type and combustion conditions. Although the PM 
mass emission from DME combustion is significantly lower than that from diesel 
combustion, it is not zero as predicted theoretically. This is believed to be due to 
incomplete combustion of DME fuel additives and engine or fuel pump lubricants that are 
mixed with fuel to improve its property and subsequently burned in the cylinder. However 
so far there are no investigations studying how DME additives would affect the PM mass 
emissions in DME combustion. Also it is not clear whether the PM number would be 
significantly reduced as well in DME combustion, since no such data have been published 
yet.   
In this work, the NOx and PM emissions from DME combustion are investigated for two 
widely used DME fuel additives under similar conditions. The effect of different techniques 
such as exhaust gas recirculation (EGR), fuel injection pressure and timing on the 
emissions of NOx and PM mass and number is also studied. The objective is to clarify the 
influence of fuel additive on the final emissions of DME combustion, in order to identify an 
effective way of meeting future emission regulations.  
 
6.2 Test conditions and procedure 
 
Figure 3.3 shows the experimental setup used for this study and table 3.1 shows the 
engine configuration. Properties of the test fuels are discussed in section 3.17 and table 
3.4. Experimental setup for the tests is discussed in section 4.2.  
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The objective of this study is to investigate the influence of different additives on NOx and 
PM emissions from DME combustion. Engine was ran at a steady speed of 2000 rpm 
during the tests with loads varying from 0% to 100%. Since the fuel injectors were not 
modified to supply additional fuel to match diesel performance the DME setup was only 
able to produce 20% of the maximum diesel power output at 100% load condition. 
Additives are also tested for various emission reduction techniques including EGR and 
injection strategies to examine any effect of additive properties on emission control. Fuel 
injection pressure was varied from 400 bar to 600 bar in steps of 100 bar at 20% load 
condition. Similarly, fuel injection timing is varied from 12.5o BTDC to 20.5o BTDC in steps 
of 2o BTDC at 20% load. The engine used for testing uses multiple injection strategy and 
hence does a pilot injection and a main injection during its operation. For the current study 
only the main fuel injection timing is varied and pilot injection timing was left unmodified. At 
20% load standard injection pressure and timing is 500 bar and 16.5o BTDC. Injection 
parameters are varied by adjusting maps in the ECU that control fuel injectors. EGR ratios 
of the engine was controlled using a motor and related driver installed remotely in the 
control room. Desired position of the EGR motor is applied using PID controller. EGR ratio 
corresponding to the valve opening is measured using CO2 concentration measured with 
and without EGR. 
 
6.3 Results and Discussion 
Results obtained from testing different fuel additives are presented in 3 sections; 1) 
performance parameters, 2) NOx emissions, 3) PM emissions.  
 
6.3.1 Performance parameters 
Figures 6.1, 6.2, and 6.3 shows the variation of in-cylinder peak pressure, in-cylinder peak 
temperature and BMEP with load for DME for both additives compared. From these figures 
it is clear that the performance factors of DME combustion are not influenced by type of 
additive used. In-cylinder pressure and BMEP for both the blends seems to increase with 
increase in load and both of them follows a similar trend. This means that the emissions 
from combustion of both the blends are not affected by performance factors. 
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Fig. 6.1:  Variation of in-cylinder peak pressure with load for additives compared 
 
Fig. 6.2:  Variation of in-cylinder peak temperature with load for additives compared 
 
 
 
Fig. 6.3:  Variation of BMEP with load for additives compared 
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6.3.2 NOx emissions 
Figure 6.4 shows the variation of NOx emissions with change in load for both the additive 
blends compared. It is clear that both the blends show an increase tendency for NOx with 
increase in load. However, DME+A2 shows higher NOx emission at higher loads as 
compared to DM+A1. Possible reasons for higher NOx emissions from DME+A2 at full load 
could be either due to nitrogen content in the A2 or can be due to experimental error, which 
could not be verified due to time constraints. Figures 6.1 and 6.2 confirms that combustion 
properties were not affected at full load for DME+A2, which means the higher NOx observed 
for DME+A2 is most probably due to error in reading obtained from NOx meter. 
 
 
Fig. 6.4:  Variation of NOx with load compared for additives 
 
Figure 6.6 is a comparison of change in NOx emissions with change in EGR at 25% 
load and constant speed of 2000 rpm. DME+A1 shows higher NOx at this load than 
DME+A2. Both the blends shows a decreasing tendency in NOx emissions with 
increase in EGR. Even though, both the blends produced different amount of NOx for 
same operating conditions. Increase in injection pressure will increase the amount of 
fuel supplied to the cylinder for combustion. This means that NOx emissions would 
increase with increase in pressure as shown in figure 6.7. Both the additives showed 
similar trend with increase in fuel injection pressure, while the emissions from DME+A2 
blend was notably higher during low injection pressures as compared to DME+A1. 
However, the difference in NOx emission rate seemed to decrease with increase in 
injection pressure.   
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Fig. 6.5:  Variation of NOx with change in EGR compared for additives at 25% load 
 
 
Fig. 6.6  Variation of NOx with change in injection pressure compared for additives 
 
From the standard injection timing of 16.5o BTDC, advanced and retarded injection 
timings were tested for both the additive blends with DME. From figure 6.8, for 20% load 
state at2000 rpm it is clear that DME+A2 produced higher NOx emissions as compared 
to DME+A1. At higher loads the NOx emissions produced by DME+A2 was almost 
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double as that emitted by DME+A1. Both the additive blends showed an increasing 
tendency with advanced injection timing. Reason for increase in NOx with advanced 
injection timing might be due to longer time available for the fuel mixture to burn inside 
the chamber, which can contribute to higher in-cylinder temperature. For delayed 
injection timing the mixture does not get much time to mix properly inside the cylinder 
and hence poor combustion resulting in drop in in-cylinder temperature. 
 
 
Fig. 6.7:  Variation of NOx with change in injection timing compared for additives 
 
6.3.3  Particulate matter emissions 
From this study it was observed that additive blends can significantly influence PM 
emissions, which is a major concern under new Euro 6 emission norms. Figures 6.8 and 6.9 
shows the PM size distribution for DME+A1 and DME+A2 respectively for varying load 
conditions. It is clear that PM size distribution for both the additive blends are different with 
DME+A2 blend showing higher number of particles for the whole load range except 25% 
load. For both additives the largest particle size was at around 36.5 nm. Increase in PM 
number concentration indicates incomplete combustion and sulphur content in the fuel. It 
can be assumed that DME+A2 has more incomplete combustion and hence unburned 
particles as compared to DME+A1. Total PM number concentration of DME+A2 seems to 
be almost the double as that of DME+A1. 
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Fig. 6.8:  PM size distribution with change in load for DME + A1 
 
 
 
Fig. 6.9:  PM size distribution with change in load for DME + A2 
 
Figures 6.10 and 6.11 shows PM size distribution for varying EGR ratio at a 25% load 
condition. In this case also the total PM number concentration is found to be higher for 
DME+A2 as compared to DME+A1. For DME+A1 highest concentration was observed for 
particle with size about 27.4 nm while for DME+A2 highest concentration was observed for 
PM with size about 36.5 nm. For both blends PM number concentration increased 
suddenly for EGR change from 0% to 10%. For further increase in EGR rate from 10% to 
20% and 30% the total PM number concentration showed a decreasing trend for both 
additives.  
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Fig. 6.10:  PM size distribution with change in EGR ratio for DME + A1 at 25% load 
 
 
Fig. 6.11:  PM size distribution with change in EGR ratio for DME + A2 at 25% load 
 
Changing injection pressure is an effective way to improve engine performance by injecting 
more fuel to the combustion chamber. It also promotes better mixing and atomization of fuel. 
However, too high injection pressure will cause wall wetting and result in incomplete 
combustion leading to increased PM, HC and CO emissions. Figures 6.12 and 6.13 shows 
the PM size distribution for both additives for varying injection pressure. For both the 
additives highest PM number concentration was observed for approximate PM size 27.4 
nm. Highest concentration was observed for both cases at around 3.5 x 108 (#/cc) for highest 
injection pressure of 600 bar. For the lowest injection pressure case DME+A1 showed least 
PM number concentration as compared to DME+A2. For DME+A1 majority of cases saw 
PM size starting at around 8.7 nm, while for DME+A2 PM size starts at around 7.5 nm for 
most of the cases. Also, DME+A1 blend at lower injection pressures tend to produce smaller 
size particles as compared to DME+A2. 
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Fig. 6.12:  PM size distribution with change in injection pressure for DME + A1 
 
 
Fig. 6.13:  PM size distribution with change in injection pressure for DME + A2 
 
Advancing injection timing can help to achieve complete combustion, but lesser power 
output as there are chances for fuel to combust quicker before piston reaches TDC and 
hence create negative work on the piston. In terms of injection timing strategies advanced 
injection timing tend to produce lesser PM emissions due to better combustion as noted in 
figures 6.14 and 6.15 for both the additives. From the standard injection timing of 16.5 
CAD BTDC, two advanced timing and two retarded injection timings were tested. Both 
cases showed highest PM number concentration for retarded injection timing with the peak 
concentration observed at around 4 x 108 (#/cc) at a size of 27.4 nm approximately. For both 
the additives retarding the injection timing is found to increase PM number concentration. 
Reasons for this could be poor mixing of fuel and sudden combustion leading to 
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incomplete combustion and resulting emissions. For the advanced injection timing of 20.5o 
BTDC, DME+A1 showed slightly lower PM number concentration as compared to 
DME+A2. 
 
 
Fig. 6.14:  PM size distribution with change in injection timing for DME + A1 
 
 
Fig. 6.15:  PM size distribution with change in injection timing for DME + A2 
 
Figure 6.16 shows the total PM number concentration of additives for varying load 
condition. The trend observed is very similar to that observed for NOx emissions in figure 
6.4. DME+A2 tends to produce largest number of PM as compared to DME+A1 for the 
various load conditions. Figure 6.17 shows a plot that distinguish nucleation and 
accumulation mode particle emissions for the various load conditions. It is observed that 
DME+A2 tends to produce most of the particles in accumulation mode range as compared 
to DME+A1 which produces majority of particles in nucleation mode. One of the main 
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reason for higher accumulation mode particle concentration is the incomplete combustion 
of additives added. Hence these results show that which additive A2 causes higher 
incomplete combustion as compared to A1 when mixed with DME.  
 
Fig. 6.16:  Change in total PM number concentration with load for additives  
 
Fig. 6.17:  Change in nucleation and accumulation mode PM number concentration with load for 
additives  
 
Figures 6.18 and 6.19 shows the variation in total PM number concentration for varying 
EGR at 25% and 37.5 load conditions. For both load conditions total PM number 
concentration seems to be significantly higher for DME+A2 blend. With increase in EGR 
rate total PM number concentration is found to be decreasing for both the blends. For both 
25% load and 37.5% load at 0% EGR the total PM number concentration for DME+A1 is 
found to be around 3 x 1015 (#/kWh). However, for DME+A2 blend the total number 
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concentration for the same case increased by about 95% from 1.5 x 1015 (#/kWh) to 3 x 
1016 (#/kWh). Figure 6.20 shows the nucleation mode and accumulation mode PM number 
concentration for both blends for varying EGR. For almost all the cases DME+A2 had 
particles both in nucleation and accumulation mode, while for DME+A1 entire set of 
particles were found to be in the nucleation mode alone. Both the nucleation and 
accumulation mode particles generated by DME+A2 shows a decreasing trend with 
increase in EGR ratio.  
 
 
Fig. 6.18:  Change in total PM number concentration with EGR ratio for additives at 25% load 
 
 
Fig. 6.19:  Change in total PM number concentration with EGR ratio for additives at 37.5% load 
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Fig. 6.20:  Change in nucleation and accumulation mode PM number concentration with EGR for 
additives at 25% load 
 
Figure 6.22 shows the change in PM number concentration with varying injection pressure 
for the additives. Clearly DME+A2 shows more PM number concentration for the whole 
injection pressure range as compared to DME+A1. Both the blends show decreasing trend 
in number concentration with increase in injection pressure, which is probably due to better 
mixing and combustion at higher injection pressures. For injection timing tests (figure 
6.23), PM number concentration for DME+A1 is found to be lesser for all the whole 
injection timing range except for the advanced injection at 20.5o BTDC. This inconsistency 
in data could be due to experimental error. 
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Fig. 6.21:  Change in total PM number concentration with injection pressure for additives at 20% 
load 
 
Fig. 6.22:  Change in total PM number concentration with injection timing for additives at 20% load 
 
PM mass concentration can be considered as a function of PM number concentration and 
size distribution. The change in PM mass concentration with load trend shown in figure 6.24 
for both the blends shows a very similar behaviour as in figure 4 and 16. PM mass 
concentration for DME+A2 is found to be higher than that of DME+A1 for almost all the load 
cases tested. Higher PM mass concentration for DME+A2 is due to the larger particle size 
of accumulation mode particles as compared to nucleation mode particles emitted by 
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DME+A1. Figure 6.25 shows the relationship of NOx and PM for both additives with change 
in load. Previous studies on DME emissions showed that the normal NOx-PM trade-off 
relationship exists for diesel and biodiesels is absent for DME emissions. Figure 6.25 proves 
the same as both NOx and PM tends to follow same trend and hence both are directly 
proportional for DME.  
 
Figure 6.26 shows the relationship of PM number and mass concentrations for both the 
blends for varying load conditions. From the figure it is clear that both PM number and mass 
concentrations follow similar trends for change in load for both the additives. This means 
that the PM mass concentration at each load is mainly contributed by PM number 
concentration. Also, it is clear that both PM number and mass concentrations for DME+A1 
is significantly lower than that produced by DME+A2 combustion.  
 
Fig. 6.23:  Change in PM mass concentration with load for additives  
Fig. 6.24:  Relationship of variation of NOx and PM mass concentration with load compared for 
additives 
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Fig. 6.25:  Relationship between PM number and mass concentration with varying load 
 
Figure 6.26 shows the variation of PM mass concentration with change in EGR rate for both 
fuel blends. From the figure DME+A1 shows a decreasing trend with increase in EGR, which 
is probably due to the nucleation mode particles produced from combustion and hence lower 
mass. For DME+A2 PM emissions are mainly in the accumulation mode and hence PM 
mass concentration shows an increasing trend with increase in EGR rate. For increase in 
injection pressure both the blends shows decreasing trend for PM mass concentration, 
which is probably due to better combustion as discussed earlier. Figure 6.27 shows that PM 
mass concentration for both additives decrease with increase in injection pressure. This 
trend is similar to that observed for PM number concentration in figure 6.22. DME+A2 shows 
larger PM mass concentration as compared to DME+A1 for the various injection pressures 
tested. Similarly, PM mass concentration change with injection timing from figure 28 also 
follows a similar trend as in figure 6.22. Here PM mass concentration increase with 
advancing injection timing. The increase in mass concentration for DME+A2 is due to 
accumulation mode particles present in emissions as opposed to nucleation mode 
emissions for DME+A1 blend. 
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Fig. 6.26:  Change in PM mass concentration with EGR for additives at 25% load 
 
 
Fig. 6.27:  Change in PM mass concentration with injection pressure for additives at 20% load 
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Fig. 6.28:  Change in PM mass concentration with injection timing for additives at 20% load 
 
Figures 6.29, 6.30, 6.31 and 6.32 shows the variation of PM mean diameter with change in 
load, EGR rate, injection pressure and injection timing compared for both the blends. Figure 
6.30 shows that both the blends follow an increasing particle size trend with increase in load, 
which is more predominant for DME+A2 blend. With increase in EGR rate both the blends 
show decrease in PM mean diameter. DME+A2 shows higher drop in size as compared to 
DME+A1.This is probably due to increase in incomplete combustion and generation of 
nucleation mode particles with increase in EGR due to reduction in fresh oxygen inside 
cylinder at higher EGR rates. With change in injection pressure DME+A2 tend to show 
slightly higher drop in PM mean diameter as compared to DME+A1. Both the blends tend to 
show similar particle size at high injection pressure of 600 bar. On the other hand, the PM 
mean diameter trend for varying injection timing is quite different for both the blends as 
shows in figure 6.32. With advancing injection timing DME+A2 tend to show an increasing 
trend for PM mean diameter, while for DME+A1 it shows a decreasing trend.  
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Fig. 6.29:  Change in PM mean diameter with load for additives 
 
 
Fig. 6.30:  Change in PM mean diameter with EGR for additives at 25% load 
 
Fig.  6.31:  Change in PM mean diameter with injection pressure for additives 
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Fig. 6.32:  Change in PM mean diameter with injection timing for additives 
 
6.4 Discussion 
The major observations are summarized below: 
1. DME additives does not seem to have significant influence on performance 
parameters. In-cylinder pressure and BMEP were not affected for both blends. 
2. At higher load condition DME+A2 showed higher NOx emissions as compared to 
DME+A1. This can either be due to higher nitrogen content in the A2 or else can be 
due to experimental error. 
3.  Increasing injection pressure and advancing injection timing showed higher NOx 
emissions from DME+A2 combustion as compared to DME+A1. However, as 
increase in EGR ratio at 25% load, DME+A1 showed higher NOx emissions as 
compared to DME+A2. This shows that additives used can influence NOx 
emissions from DME combustion. 
4.  In terms of PM number concentration, DME+A1 tend to produce lesser number of 
particles as compared to DME+A2. Majority of particles emitted by DME+A2 is 
found to be in the accumulation mode, while for DME+A1 majority of particles 
emitted were found to be in the nucleation mode.  
5. Trade-off relationship between NOx and PM observed for diesel and biodiesels was 
found to be not applicable for DME emissions. 
6. PM mass concentration from DME+A2 was found to be higher than that from 
DME+A1 combustion for all the tested performed. This is believed to be due to 
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higher PM number concentration and prevailing accumulation mode particles in 
DME+A2 as compared to nucleation mode particles and lower number 
concentration for DME+A1. 
7. PM mean diameter for particles from DME+A1 and DME+A2 were found to follow 
similar trends for varying load, EGR and injection pressure cases. However, for 
varying injection timing  trend of DME+A1 and DME+A2 were out of phase with 
DME+A2 showing increasing PM mean diameter trend with advancing injection 
angle where as DME+A1 shows decreasing PM mean diameter trend with 
advancing injection angle. 
In essence, the study conducted clearly proves that additives used with DME for improving 
lubrication properties has significant influence on NOx and PM emission from these blends. 
Implementation of Euro VI emission norms require strict control over PM number 
concentrations as compared to previous norms. It appears that it is not difficult for DME to 
meet the PM mass limit which is about 0.02 g/kwh for diesel trucks. However it would be still 
a difficult task for DME to meet the PM number limit which is about 4*1012 #/kWh in Euro VI. 
It also appears that NOx reduction strategies are needed to meet the NOx limit which is 
about 0.5 g/kWh. In particular EGR is a very effective technique that can be potentially used 
to meet NOx limit while not affecting the PM emissions.     
 
In summary, for DME combustion it is possible to meet NOx and PM mass concentration 
regulations without much difficulty while the major problem is that PM number emissions 
need to be controlled. Developing new additives that generate less PM number would be a 
good strategy, which requires further work in this area. 
 
6.5 Conclusions 
In this study the effect of DME additives on NOx and PM emissions from DME combustion 
in a diesel engine were investigated in detail. Results show that the additive used with 
DME has significant influence on both NOx and PM emissions. It is not difficult to meet the 
NOx and PM mass emission regulations in DME combustion, while further work is needed 
to reduce the PM number concentration from DME combustion. This will require 
developing additives that will not affect clean combustion property of DME, but still 
improves fuel lubrication properties. 
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CHAPTER 7: Conclusion and recommendations 
 
Diesel engines are the widely preferred type of internal combustion engines worldwide due 
to their higher fuel economy, robust build quality, ease of use and maintenance, ability to 
use a variety of fuels without major modifications, higher power output together with better 
mechanical efficiency as compared to gasoline engine. For these reasons compression 
ignition engines enjoy a huge demand in the automotive sector. On the downside diesel 
engines emit significantly higher quantities of greenhouse gas emissions including NOx, 
SOx etc. due to the fuel chemical properties. This together with increased consumption of 
petroleum fuel worldwide have prompted research groups to work on finding diesel 
alternatives that can reduce combustion emissions together with controlling sole 
dependency on petroleum fuels for use in IC engines.   
 
Of all the different alternate fuels studied so far in the literature, DME is observed to have 
several advantages to be a potential diesel alternative. These includes higher cetane 
number, fuel oxygen content etc. that were discussed in the early sections of the thesis. 
Absence of the commonly existing NOx-PM trade-off relationship for DME as compared to 
other petroleum fuels supports the use of higher EGR ratios in order to reduce the 
otherwise higher NOx emissions from DME combustion as compared to diesel combustion 
[9, 15, 42, 245]. Some of the past studies have shown slight increase in PM emissions with 
increase in EGR ratio [246]. Injection strategies like injection pressure, injection timing, 
spray angle, pulse width, multiple injection etc. were also found to have influence over 
performance and emissions from DME engines [41].  
 
Based on the properties of DME fuel and research findings so far on the topic it is clear 
that DME has the potential to meet future emission standards with less effort. However, 
not much works have been done on this yet, particularly towards PM number emissions. 
PM number concentration is a major concern these days and requires to be strictly 
controlled under Euro 6 emission norms. Several new diesel alternatives are researched 
these days and hence it is important that a comparison be done between DME and other 
potential alternative fuels to define the status of DME.  
 
The key objective of this study was to find out how diesel engines can meet future 
emission standards when DME is used as an alternative fuel to diesel. There are 
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possibilities that governments across the world promote DME for use in diesel engines, 
particularly in urban areas to control emissions. When compared to other works on DME 
from literature this study is unique as for the first time an investigation is carried out on PM 
number concentration from DME combustion and on the effect of various combustion and 
emission control techniques in reducing PM number emissions. 
 
An engine testing facility was designed and set up with the aim of testing liquid as well as 
gaseous fuels. Various steps in this process includes designing the system, procuring 
parts, construction, installation and calibration of equipment, commissioning of the lab and 
conducting experiments. The facility was used to test a range of fuels successfully 
including DME, diesel, cotton seed oil, waste cooking oil and butanol. 
 
From the experiments conducted it was observed that PM mass concentration from DME 
combustion was significantly lower or almost absent as compared to other fuels tested, 
However, PM number concentration was significantly higher for DME than from the other 
fuels tested. For DME, PM emissions was made up of nucleation mode particles, while 
accumulation mode particles was almost absent. This characteristic of DME PM emissions 
is studied and reported for the first time in literature by this thesis. 
 
Higher NOx emissions from DME combustion when no EGR is applied is due to the 
oxygen rich nature of fuel leading to high combustion temperatures. Use of EGR is found 
to be very efficient to control NOx emissions and is compared with emissions from ULSD, 
CSO20, WCO20 and BUT20 blends. EGR system on the engine was modified to be 
controlled using a driver tool located remotely inside the control room. This gave the 
operator control to vary EGR valve opening at will to study effect of EGR ratio at various 
operating conditions. Application of EGR for DME combustion was observed to have no 
significant influence on PM mass and number emissions and this is reported for the first 
time in literature by this study.  
 
Another effective technique to control emissions is by controlling injection strategies like 
injection pressure, injection timing, spray angle etc. In this study injection pressure and 
injection timing for DME was varied to check how these factors can influence NOx and PM 
generation in comparison to the liquid fuels tested. Fuel injection parameters were 
changed by modifying maps in the ECU. Both the variation in injection timing and pressure 
was found to have some influence on PM mass and number concentrations. However, 
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none of these methods were observed to be effective enough to control PM number 
concentration to meet future emission standards. Details on this alson is reported for the 
first time in literature by this study. 
 
As discussed earlier in this thesis absence of C-C bond in DME structure has a downside 
that the lubrication property of DME is poor as compared to diesel and other liquid biofuels 
causing premature wear and tear of fuel system moving parts. To overcome this issue 
special fuel additives are used with DME in quantities of 500 ppm to 1000 ppm to improve 
its density and viscosity. Several studies on DME combustion found that there is some PM 
emissions from DME combustion, which were not studied in detail until now. This thesis 
used precision equipment to measure PM in the size range of 5 nm to 1000 nm to see how 
well DME performs in comparison to other fuels.  
 
It is believed that the PM emissions observed from DME combustion is contributed by 
either or both of these; DME additives used and engine lubrication oil. This thesis 
compared two different widely used DME additives and results were discussed in detail. It 
was found that PM emissions reported by both the additives were different, which points 
towards the fact that additives have some influence on emissions. A potential solution to 
overcome the issue of PM emissions due to additive is by developing some new kind of 
additive that produces less amount of PM emissions to meet future emission norms. 
Research on DME additives to study their influence on emissions was carried out for the 
first time in literature by this thesis. 
 
7.1 Thesis contributions 
 
Author of the thesis believe that this thesis has made significant contributions towards 
methods to control NOx and PM emissions from DME combustion. Results discussed in 
this thesis are reported in the literature for the first time and hence is invaluable for future 
research works on DME. Discussions in this thesis can be helpful to promote DME 
research to achieve cost effective system design, better performance, and reduced 
emissions together with giving directions for future research. Below given outlines the 
contributions made by this thesis to fill part of the research gaps in controlling NOx and 
UFPM emissions from DME emissions combustion: 
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1) An in-depth review of existing methods that are used to control of NOx and PM 
emissions from CI engines were discussed and documented with the aim to apply 
suitable methods for emissions control in DME combustion. Studies done so far on 
DME NOx and PM emissions control was reviewed with the aim to highlight 
potential techniques used, summarize major findings so far and to identify gaps in 
DME research.  
2) An engine testing facility to conduct performance and emissions testing of liquid and 
gaseous fuels was designed and setup. Various aspects of designing a lab, 
engineering challenges faced, designing of critical components for the lab etc. were 
learned and explained in the thesis for future reference. These information can be 
used as a potential reference material when setting up new engine test cells. 
3) UFPM emissions from DME combustion was neglected so far based on the 
assumption that DME does not emit PM emissions because of its clean combustion 
property. Several studies reported PM emissions from DME combustion, but not 
discussed thoroughly due to lack of proper instrumentation to measure UFPM and 
because DME was easily able to meet emission norms upto Euro V without any 
sophisticated exhaust treatment system or control strategies. However, introduction 
of Euro VI norms raised the bar and now PM number concentration is a major 
concern that needs to be addressed to ensure DME can satisfy newer emission 
norms with minimal effort, This study investigated PM emissions from DME 
combustion for particles in the range of 5 nm to 1000 nm (UFPM<100 nm) and 
results obtained are reported in the thesis. 
4) Effect of EGR on controlling NOx and UFPM for DME combustion, with particular 
emphasis on PM number concentration is reported for the first time in literature. 
Results obtained from this study is compared against some potential diesel 
alternative fuels to show how DME performs in comparison to these fuels. Results 
from this study can be used as references for future research on control of DME 
emissions. 
5) Influence of fuel injection pressure and injection timing on control of NOx and UFPM 
emissions with particular emphasis on PM number concentration from DME 
combustion was investigated for the first time in literature. 
6) Influence of fuel additives on NOx and PM emissions from DME combustion was 
studied for the first time in literature and results are reported in thesis. This is 
believed to be the most important part of this thesis because this study confirmed 
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that DME additives can influence NOx and PM emissions generation in a diesel 
engine. This topic is expected to catch a lot of attention for future research works. 
 
7.2 Recommendations for future work 
 
This study has successfully investigated the influence of EGR, injection strategies and fuel 
additives on NOx and PM emissions from DME combustion. Based on the literatures on 
control of DME emissions and the current study, following suggestions are made to direct 
future research in this area to achieve lower emissions: 
 
1) Tests using modified fuel injectors: For the current study fuel injectors were not 
modified to deliver increased amount of fuel to match power output of diesel 
system. This should be done to investigate how emissions will change from the 
currently observed trends when increased amount of fuel is supplied to the system. 
This is an important step as successful real world application of DME system would 
require its performance to match with diesel rated power output. 
2) More fuel additives to be tested: In this study two different fuel additives that are 
widely used with DME were tested to study their influence on exhaust emissions. It 
is recommended that further investigation be carried out on more types of additives 
to find which of them would be ideal to use with DME in regards of emission 
reduction potential and lubrication properties. Detailed studies on the chemistry of 
these additives should be carried out to learn what properties of them contributes to 
emissions.   
3) Optimised fuel injection pressure: From this study it is learned that higher injection 
pressure can help to reduce PM emissions by improving combustion. However, 
NOx emission seems to increase with increase in injection pressure and this is 
probably due to increase in in-cylinder temperature resulting from burning of higher 
quantity of fuel or due to improved combustion quality. Also, too high injection 
pressure will cause wall wetting and higher amount of unburned fuel leading to HC 
and CO emissions. So, an optimised fuel injection pressure should be identified for 
a particular engine using spray visualisation tests to determine the least and 
maximum fuel pressures that can be safely applied without causing emissions. 
4) Optimised fuel injection timing: Multiple fuel injection timing as compared to single 
fuel injection has lots of advantages. Advancing fuel injection tend to increase both 
NOx and PM emissions. In order to optimise injection timing, fuel injection mass 
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and spray visualisation need to be investigated and hence is recommended for 
future research. 
5) Investigation on HC and CO emissions: The current study measured only the NOx 
and CO2 emissions from DME combustion. HC and CO emissions measured were 
not found to be worthy of reporting as the gas analysers used to measure them 
were not functioning properly. Measuring HC and CO emissions would help to 
investigate incomplete combustion and hence can be used as a guideline for tuning 
the engine for optimised fuel injection parameters. 
6) Investigation on ROS emissions: Reactive oxygen species (ROS) in exhaust 
emissions represent active emission matter that can react and grow when released 
to atmosphere to become toxic aerosols. Measuring oxidative potential (OP) of 
particles will help to learn the reactivity and toxicity of particles emitted. It is hence 
recommended that OP of DME be tested in the future to study if the emissions are 
toxic.  
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